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PANEL  EXECUTIVE 

Mr  Michael  C. Fischer 


FOREWORD 


The  purpose  of  the  Meeting  was  to  illustrate  through  specific  examples  how  computers 
and  computer  systems  can  be  utilized  integrally  and  complementary  with  windtunnels  to 
enhance  the  efficiency  and  effectiveness  of  both. 

Papers  were  presented  indicating  the  advantages  of  computers  for  automatic  real-time 
control,  operation,  and  data  collection  for  windtunnel  facilities,  which  permit  greatly  in- 
creased operating  efficiency  and  reduced  power  consumption.  Additionally,  it  was  discussed 
how  the  large  computer,  recognized  as  a powerful  tool  in  numerical  simulation  and  compu- 
tational aerodynamics,  can  be  utilized  in  combination  with  carefully  chosen  selected  ex- 
periments to  further  validate  and  develop  our  prediction  and  design  capability. 

The  computer  can  be  used  to  simulate  flow  conditions  either  prohibitively  expensive 
or  physically  impossible  to  accomplish  in  windtunnels,  screen  preliminary  design  concepts, 
perform  aerodynamic  optimization  studies,  etc.  while  the  windtunnel  can  be  used  to  obtain 
selected  key  data  on  refined  geometric  configurations  at  full  scale  (or  near)  design  and  off- 
design  flight  conditions  which  are  not  amenable  to  calculation  by  computational  methods. 

A Round  Table  Discussion,  led  by  experts  and  joined  by  participants,  discussed  the 
Session  Topics  and  recommended  actions  and  planning  for  future  research  activities. 

The  Specialists’  Meeting  was  held  at  the  Von  KSrman  Institute  for  Fluid  Dynamics, 
Rhode-St-Genese,  Belgium  at  the  invitation  of  the  Belgium  National  Delegates  to  AGARD. 
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R.  J.  North,  R.  W.  Jeffery,  Mr3.  J.  A.  Dolman,  A.  N.  Tuck 
Aerodynamics  Department 
Royal  Aircraft  Establishment 
Famborough,  Hants 
England 


SUMMARY 

After  a brief  description  of  the  new  5m  pressurised  low  speed  tunnel  at  RAE  Farnborough,  an  account 
is  given  of  the  applications  o'  online  and  offline  minicomputers  in  its  instrumentation  and  control 
systems.  Some  of  the  hardware  and  software  design  considerations,  and  the  choices  made,  are  discussed: 
various  options  for  future  development  are  outlined.  The  connections  with  the  RAE  central  computers  and 
other  ancillary  systems  are  mentioned. 


1 INTRODUCTION 

Any  new  large  wind  tunnel  will  utilise  digital  computers  in  some  way:  the  questions  of  interest  are 
how  and  to  what  extent?  This  paper  is  essentially  concerned  with  the  part  digital  computers  will  play  in 
the  context  of  the  new  5m  pressurised  low  speed  tunnel  at  RAE  Famborough.  However,  in  order  to  sec  the 
scene  a brief  general  description  of  the  facility  as  a whole  including  the  instrumentation  and  data  handl- 
ing system  is  given  first. 

Although  minicomputers  are  commonly  used  in  connection  with  wind  tunnels,  at  RAE  and  elsewhere,  they 
are  more  widely  exploited  on  this  tunnel  than  ever  before  in  the  UK. 

The  object  hv  been  to  use  the  speed  and  versatility  of  these  devices  to  simplify  the  tasks  of  the 
tunnel  user,  to  make  available  the  information  necessary  to  control  effectively  the  course  of  the  tests 
whilst  in  progress,  and  to  make  available  at  least  some  of  the  results  as  soon  as  possible  thereafter. 

The  tunnel  control  system  is  itself  computer-based  and  there  are  several  other  directions  in  which  the 
properties  of  minicomputers  facilitate  or  simplify  control  of  apparatus.  In  all  these  cases  the  machines 
are  unobtrusive  in  that  the  users  do  not  need  any  computer  expertise. 

As  well  as  the  operational  use  of  the  tunnel, the  development  and  testing  of  the  various  hardware  and 

software  sub-systems  both  before  and  after  initial  commissioning  have  to  be  taken  into  consideration.  All 

these  factors  favour  a system  architecture  which  could  be  dealt  with  in  modular  parts  during  construction 
and  subsequent  use.  Such  an  arrangement  offers  the  advantage  of  being  able  to  continue  in  operation  in 
the  face  of  partial  malfunction. 

Thus  the  overall  intention  has  been  to  bring  digital  computers  to  the  aid  of  the  users  in  all  facets 

of  tunnel  operation  without  imposing  on  them  any  additional  burdens  or  introducing  unreliability. 

2 GENERAL  DESCRIPTION  OF  TUNNEL 

The  RAE  5m  tunnel  is  a high-Reynolds-number  facility  which  will  improve  substantially  the  reliability 
and  accuracy  achievable  in  assessing  the  low  speed  aerodynamic  characteristics  of  modern  aircraft  from 
wind-tunnel  tests;  the  representation  of  the  complex  high  lift  systems  which  are  used  during  take-off  and 
landing  is  an  important  aspect.  Its  utilisation  should  lead  to  the  design  of  aircraft  with  better  low 
speed  performance  and  should  reduce  the  risk  of  expensive  modifications  being  necessary  at  the  flight  test 
stage . 

By  virtue  of  the  size  of  its  working  section  (5m  wide  by  4,2m  high),  its  pressure  range  and  its  main 
drive  power,  the  tunnel  can  be  used  to  test  models  of  aircraft  of  the  size  of  the  HSA  Hawk  or  GD  YF  16  at 
full-scale  values  of  Reynolds  number.  For  models  of  transport  aircraft  of  the  size  of  the  European  airbus 
(A300B),  Reynolds  numbers  nearly  a quarter  of  full-scale  values  can  be  achieved;  the  capability  to  test 
over  a 3 to  1 range  of  Reynolds  number  at  constant  Mach  number  then  enables  the  effects  of  scale  and 
compressibility  to  be  separated,  and  gives  a firm  base  from  which  to  extrapolate  to  full-scale  conditions. 

The  main  characteristics  of  the  tunnel  are  summarised  in  Table  I . Model  tests  in  the  tunnel  are 
scheduled  to  start  in  the  Spring  of  1977. 

2.1  Tunnel  circuit,  working  section  and  model  supports 

The  general  arrangement  of  the  facility  is  shown  in  Figs.  I and  2.  The  tunnel  circuit  is  of  welded 
steel  construction  and  is  aerodynamically  a conventional  return  circuit  except  for  the  rapid  expansion 
between  the  fourth  corner  and  the  cooler.  The  pressure  shell  is  everywhere  circular  in  cross-section,  but 
liners  are  incorporated  at  the  settling  chamber,  the  contraction  and  the  working  section  to  make  the  air- 
swept  surfaces  rectangular  (with  corner  fillets)  . The  shape  of  the  cross-section  is  similar  through  the 
latter  parts  in  order  to  preclude  secondary  cross-flows.  The  main  drive  consists  of  an  ac  motor  of  1 1000k W 
and  a dc  motor  of  l640kW,  used  separately  or  together,  turning  a ten-bladed  single-stage  fixed-pitch  fan. 
The  tunnel  performance  envelope  is  shown  in  Fig. 3. 

One  of  the  main  features  of  the  design  is  the  arrangement  made  to  ensure  easy  access  to  the  working 
section.  Fig  .4 . Two  concentric  spheres  surround  this,  and  parts  of  it  at  the  upstream  and  downstream  ends 
can  be  retracted,  so  that  pressure  doors  on  the  outside  of  the  inner  sphere  can  be  swung  across  the  air 
passage  and  closed  on  to  the  inner  sphere.  This  can  then  be  depressurised  to  give  access  to  the  working 
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Table  I 


Working  section:  width 

5.0m 

height 

4.2m 

Circuit  length 

! 86m 

Contraction  ratio 

7.64 

Pressure  range 

1 to  3 bar 

Maximum  speed  at  3 bar 

M - 0.27 

at  2{  bar  or  less 

M - 0.31 

Maximum  total  temperature 

40°C  , 

Maximum  Reynolds  number  (based  on  0.5m  chord) 

00 

X 

© 

o 

Main  drive,  maximum  continuous  power 

12.6MW 

Compressors,  maximum  power 

6.6MW 

Pump-up  time  to  3 bar 

45  minutes 

Access  time  to  model  from  operating  condition 

6 minutes 

Restart  time 

5 minutes 

Time  to  interchange  model  carts 

30  minutes 

Kinetic  pressure  variation  across  working  section 

±0. 1 per  cent 

Turbulence  level 

0.10  to  0.15  per  cent 

section.  Alternatively,  the  whole  working  section  may  be  rotated  to  line  up  with  an  access  tube  through 
which  a model  on  its  cart  can  be  removed  into  one  of  four  rigging  bays. 

These  carts  effectively  form  the  floor  of  the  working  section  when  in  place  in  the  tunnel.  Three 
will  be  available  initially: 

(1)  The  mechanical -balance  cart,  from  the  turntable  of  which  is  suspended  a particularly  compact, 

virtual-centre  balance,  Fig. 5.  It  measures  and  separates  six  components  of  force  and  moment  through 
suitably-arranged  mechanical  lever  systems  and  automatic  weighbeams.  Model  incidence  is  changed  by  a 
telescopic  strut  at  nose  or  tail.  Sideslip,  or  the  incidence  of  a half-model,  is  changed  by  rotating  the 

turntable.  The  load  ranges  are  lift  ±90kN  (±20000  lb),  drag  ±22kN  (±4950  lb)  and  side  force  ±127kN 

(±28500  lb). 

(2)  The  sting-support  cart  on  which  models  are  attached  via  a strain  gauge  balance  and  a sting  to  a 

quadrant  which  can  be  moved  in  pitch  through  ±19°.  A lift  force  of  32kN  (18500  lb)  can  be  supported  at 
any  angle  of  roll  together  with  a rolling  moment  of  20kN  m (15000  lb  ft).  A straight  sting  and  one 
with  a 10°  crank  will  be  provided  initially.  With  the  cranked  sting  a second  roll  unit  will  normally  be 

incorporated  between  the  strain  gauge  balance  and  the  sting  which  will  enable  small  sideslip  angles  to  be 

obtained  without  the  model  being  rolled.  The  cranked  sting  allows  an  incidence  range  from  -9°  to  +29°. 

(3)  A simple  general-purpose  cart  for  miscellaneous  tests,  including  tunnel  calibration.  It  also 
provides  for  models  supported  on  a single-pole. 

2.2  Instrumentation  and  data  handling  system 

This  system  provides  the  means  of  measuring,  monitoring,  recording  and  processing  any  physical 
quantities  of  interest  which  can  be  presented  in  the  form  of  electrical  signals.  These  will  be  principally 
forces,  measured  by  either  the  mechanical  balance  or  strain  gauge  balances  mentioned  above,  or  pressures 
For  pressure  measurements  a modular  Scanivalve  system  is  used  with  low-hysteresis  transducers  typically  in 
three  ranges.  Up  to  45  ports  on  each  of  eight  Scani valves  are  available  in  each  module  at  scanning  rates 
of  2J  ports/second.  The  present  limit  of  capacity  is  1200  ports,  which  can  be  increased  if  necessary. 
Interleaved  scanning  is  used  so  that  all  the  ports  can  be  recorded  in  2 minutes.  The  transducers  are 
calibrated  during  the  scans  using  a set  of  calibration  pressures  which  span  the  pressure  range  of  the 
tunnel.  The  modular  system  is  sufficiently  compact  to  mount  inside  the  fuselages  of  conventional  models 
but  when  this  is  not  possible  it  will  be  accommodated  on  the  cart. 

Other  physical  quantities  from  up  to  128  transducers  can  be  dealt  with  by  an  adaptation  of  the 
pressure  measuring  system  regarding  them  as  an  extra  module  of  128  single-port  Scanivalves. 

The  instrumentation  system  as  a whole  exploits  the  capabilities  of  minicomputers  and  these  aspects 
are  dealt  with  in  section  3 below. 

2.3  Tunnel  and  plant  control  system 

It  is  necessary  to  control  the  total  pressure,  the  Mach  number  or  kinetic  pressure  and  the 
temperature  in  the  tunnel.  Changes  in  any  of  the  three  parameters  interact  with  the  other  two  and  all  of 
them  are  affected  by  changes  in  drag  or  thrust  of  » model  in  the  working  section.  Thus  an  automatic 
computer-based  system 

(a)  controls  conditions  in  the  working  section; 

(b)  controls  and  monitors  the  tunne'  plant; 

(c)  provides  the  interlock  and  : equence  control  for  rapid  and  safe  access  to  the  working  section. 

In  regard  to  tunnel  air  conditions,  the  system: 
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(a)  sets  and  maintains  a required  value  of  the  total  pressure  in  the  working  section  by  assuring  a 
sufficient  inlet  of  air  into  the  tunnel  from  the  auxiliary  compressors  and  controlling  the  rata  of  blow- 
off  to  the  atmosphere; 

(b)  sets  and  maintains  a required  value  of  either  Mach  number  or  kinetic  pressure  by  control  of  fan 
speed; 

(c)  minimises  rate  of  change  of  air  temperature  by  controlling  the  water  temperature  to  the  cooler, 
through  a recirculation  system. 

Required  values  of  tunnel  pa^raeters  can  be  set  manually  or  through  the  data  system  computers.  The 
tunnel  plant  computer  system  is  described  in  section  6 below. 

3 DATA  SYSTEM  COMPUTER  CONSIDERATIONS 

The  use  of  computers  with  wind  tunnels  has  followed  their  development  for  scientific  and  commercial 
purposes.  At  first  the>  were  used  for  batch  processing  of  wind  tunnel  data  and  later  they  were  linked  to 
one  or  more  tunnels  via  relatively  slow  terminals.  When  they  became  cheaper  and  more  powerful  it  became 
possible  to  use  them  online  providing  at  least  some  results  in  real  time  and  performing  some  control 
functions.  This  is  the  state  of  the  art  at  the  present  time^:  evidence  of  contemporary  ideas  in  France 
and  USA  is  given  in  Refs. 5,  6 and  7. 

3.1  Design  objectives 

The  situation  thac  faced  us  at  the  beginning  of  the  1970s  when  the  5m  tunnel  data  system  was  being 
planned  was  that  the  use  of  minicomputers  was  generally  accepted  and  the  appearance  of  a new  generation 
of  machines  with  more  powerful  hardware  and  software  was  encouraging  users  to  think  of  improvements  to 
existing  systems.  The  overall  objective  was  a system  which  would  acquire  and  record  the  desired  raw  data 
and  at  the  same  time  process  and  display  enough  of  it  in  real  time  for  the  tunnel  users  to  assess  and 
control  the  progress  of  the  test.  This  of  course  implied  that  it  should  be  possible  for  the  user  to 
interact  with  the  test  in  progress.  The  ability  to  process  locally  large  parts  of  the  data  to  a more  or 
less  final  form  between  tunnel  runs  would  be  advantageous.  All  this  should  be  accomplished  without  the 
necessity  for  computer  expertise  on  the  user's  part.  Since  the  time  in  the  tunnel  is  only  part  of  the 
total  activity  the  extraneous  work  should  be  computer-aided  also  if  possible. 

As  well  as  meeting  these  requirements  it  was  obviously  desirable  to  have  a flexible  basic  design 
which  would  be  adaptable  in  the  light  of  experience,  the  increased  expectations  of  future  users,  and  the 
demands  of  new  types  of  testing. 

3.2  System  architecture 

An  early  auestion  was  whether  a multiplicity  of  minicomputers  should  be  used  in  a distributed  (or 
federal)  system®  or  whether  there  should  be  one,  or  two,  central  machines.  One  machine  may  be  the  most 
economical  solution  once  everything  is  working  but  it  does  not  provide  any  redundancy  in  case  of  failure 
nor  free  access  for  development  whilst  the  tunnel  is  running.  For  these  reasons  two-computer  systems  had 
been  used  previously  both  at  NPL  and  RAF  one  of  the  machines  being  dedicated  to  real-time  functions  such 
as  data  acquisition  and  storage  and  the  other  to  subsequent  processing  and  analysis.  This  simplified  the 
programming  problems  especially  with  the  limited  choice  of  real-time  executives  at  the  time.  The  second 
machine  could  also  be  used  as  a standby  for  development  if  need  be. 

When  the  5m  tunnel  was  considered  it  was  clear  that  more  than  one  computer  would  be  needed 

(i)  during  development  of  various  parts  of  the  system,  which  might  not  all  take  place  on  the  same  site; 

(ii)  during  simultaneous  tunnel  operation  and  preparation  for  subsequent  tests  or  calibration  of  strain 
gauge  balances; 

(iii)  for  software  development  or  offline  processing;  and 

(iv)  for  replacement  in  case  of  malfunction. 

Since  it  would  not  be  practicable  to  equip  ourselves  for  all  eventualities  it  was  decided  to  use  a 
number  of  machines  in  a two-tier  hierarchy-*.  The  first  tier  of  machines,  the  so-called  front  end  machines, 
are  each  dedicated  to  one  of  the  main  types  of  measurement  (mechanical  balance,  strain  gauge  balance, 
pressure  measurement).  Each  sub-system 

(a)  controls  the  instrumentation,  the  motel  attitude  and  the  tunnel  conditions  according  to  the 
operator's  commands  via  push-buttons  or  decade  switches  from  a special  control  panel; 

(b)  records  the  raw  data  on  disc  files; 

(c)  converts  the  Jata  to  coefficient  form  and  displays  the  last  eight  points  together  with  information 
on  the  current  tunnel  conditions.  Pressure  distributions  are  shown  in  bar  chart  form; 

(d)  logs  progress  and  alarms  on  a teletypewriter. 

The  second-tier  machine  is  of  the  same  basic  type.  The  complete  system  can  be  operated  in  three 

modes : 

(i)  with  the  front  end  machines  operating  as  stand-alone  devices  each  with  its  own  control  panel  and 
links  with  the  tunnel  plant  computer; 
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(ii)  as  an  integrated  system  in  which  the  front-end  machines  operate  under  the  supervision  of  the  second- 
tier  machine  with  a comprehensive  control  panel.  The  supervisory  cooqmter  carries  out  additional  process- 
ing, recording  and  display  tasks  under  operator  control; 

(iii)  in  an  automatic  mode  in  which  the  test  is  controlled  by  the  supervisory  machine  under  program 
control . 

When  the  front-end  machines  are  operating  in  a stand-alone  mode  the  supervisory  machine  can  be 
used  for  development  or  for  offline  processing.  The  normal  means  of  data  transfer  to  the  RAE  central 
computers  or  the  customer's  own  will  be  by  computer-compatible  tape  from  this  machine. 

The  ensembles  of  instrumentation,  computer  and  software  are  referred  to  as  packages.  Further 
packages  can  be  added  for  special  functions,  for  example,  the  balance  calibration  package  (section  6.2). 

The  tunnel  plant  computer  system  (section  6.1)  car  also  be  regarded  as  a package  in  this  respect. 

3.3  Operator  interaction 

The  problems  of  users  in  communicating  with  one  or  more  computers  have  been  tackled  by  providing 
each  machine  with  a specially-designed  operating  console  consisting  essentially  of  a number  of  push 
buttons  and  decade  switches  through  which  all  data  and  demands  for  model  position,  tunnel  conditions, 
operating  modes,  and  display  formats  are  entered.  Though  different  for  each  machine  these  '"ontrol  panels 
share  many  common  features:  that  for  the  supervisory  machine  embraces  the  functions  of  all  the  others. 

The  control  panel  for  the  balance  calibration  machine  is  shown  as  an  example  in  Fig. 7. 

The  principal  means  of  rapid  communication  between  the  system  and  the  operators  are  the  visual 
displays  which  are  a feature  of  both  the  data  system  and  the  control  system  and  which  are  discussed  in 
section  4. 

3.4  Hardware  configurations 

At  an  early  stage  we  envisaged  the  front  end  machines  as  rather  simple  and  austere  devices  but 
detailed  consideration  of  the  data  storage  requirements  of  the  pressure  measurement  system  particularly 
and  the  wish  to  have  Fortran  facilities  joon  made  it  clear  that  disk  storage  was  essential.  The  present 
front  end  configuration  consists  of  a P DP  11/40  processor  with  24k  words  of  core  storage  and  hardware 
floating  point,  an  RK05  1 ,2M  word  exchangeable  disk,  a VT05  alphanumeric  ert  display,  an  ASR33  teletype- 
writer and,  in  the  case  of  the  pressure  measurement  system,  a Tektronix  4010  storage-type  ert  display. 

The  supervisory  machine,  also  a POP  11/40,  has  a second  RKOS  disk,  two  TU  10  nine-track  magnetic  tape 
transports  (800  bits/inch,  45  inch/second),  an  LS  II  line  printer  60  1 ines/ci nute) , a high-speed  paper 
tape  reader  and  punch  and  a 11117  large-screen  refresh-type  ert  lisplav. 

A general  view  of  the  control  panels,  displays  and  computers  is  shown  in  Fig. 6. 

4 DISPLAYS 

The  displays  are  of  course  the  principal  means  by  which  the  computers  communicate  with  the  users 
and  they  are  the  data  window  on  the  tunnel  . 

Numerical  data  and  information  on  model  and  tunnel  conditions  are  presented  on  the  VT05  ert  displays, 
Fife. 9.  Twenty  lines  of  up  to  72  characters  are  available.  The  orecise  allocation  varies  according  to  the 
package  function  but  in  general  a number  of  lines  is  devoted  to  the  last  8 or  9 sets  of  values  and  is 
updated  every  time  a new  set  is  recorded.  This  gives  the  effect  of  a scrolled  display.  The  rest  of  the 
'_reen  is  devoted  to  such  information  as  demanded  and  achieved  model  attitude  and  tunnel  conditions, 
current  instrumentation  readings,  the  type  of  test,  the  package  status  and  error  messages.  Because  of  the 
large  number  of  pressure  measurements  only  a seleci;on  of  the  readings  can  be  presented. 

The  Tektroi.fx  4010  storage-type  ert  displays  are  peculiar  to  the  pressure  measurement  system.  A 
selection  of  the  pressures  is  shown  in  the  form  of  a bar  graph,  reminiscent  of  a liquid  manometer  but  with 
the  length  of  each  bar  in  non-dimensional  form.  Fig. 10.  The  computei  stores  the  readings  in  the  order 
taken  and  sorts  them  into  the  order  required  for  display.  The  values  of  a previous  set  of  readings 
can  also  be  displayed  as  indicated  by  the  shorter  interdigital  lines. 

The  supervisory  machine  has  a larger  and  more  versatile  ert  display  than  the  front  end  machines  and 
will  be  enhanced  further  as  the  need  becomes  clear.  As  has  been  suggested,  a separate  display  package  with 
its  own  computer  may  be  appropriate.  Initially  we  are  providing  the  conmonly-used  graphical  displays 
featuring  lift,  drag  and  pitching  moment  coefficients,  incidence,  Mach  number  and  Reynolds  number  together 
with  pressure  distributions.  We  do  not  intend  to  develop  the  capabilities  of  the  supervisory  machine 
very  rabidly  during  the  early  use  of  the  tunnel,  expecting  to  be  guided  by  user  experience.  Since  that 
part  of  '.he  system  already  defined  will  be  a great  advance  on  anything  previously  available  to  low-speed 
tunnel  users,  n the  United  Kingdom  at  least,  we  feel  that  we  should  obtain  the  user  reactions  before 
proceeding  too  far. 

The  tunnel  and  plant  control  displays  are  mentioned  in  section  6.1. 

5 SOFTWARE 

Although  we  have  discussed  mainly  the  hardware  the  importance  of  the  software  was  very  much  in  our 
minds  from  the  outset.  It  was  clearly  necessary  for  it  to  be  designed  so  that  it  could  be  easily  under- 
stood and  modified  as  necessary  later  on,  which  implied  documentation  to  professional  standards.  The 
software  system  has  been  planned  in  conjunction  with  Computer  Analysts  and  Programmers  (Reading)  Ltd.  and 
they  have  written  the  majority  of  the  front  end  programs,  working  on  site  in  close  collaboration  with  RAE 
staff  and  using  the  actual  machines  for  testing  and  development. 
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The  operating  system  to  be  used  for  the  front  end  machines  was  a matter  of  considerable  discussion 
at  the  time  (1973)  and  the  possibility  of  writing  one  specially  was  considered.  However,  we  were  most 
anxious  to  use  standard  DEC  software  wherever  possible  to  gain  the  advantages  of  their  developments  and 
the  experience  of  other  users.  We  therefore  chose  a fairly  simple  single-user  executive,  DOS  Level  9 and 
accepted  its  shortcomings  for  our  purposes.  The  question  arose  again  in  relation  to  the  supervisory 
machine  which  has  rather  different  functions  from  the  front  end  machines  and  more  scope  for  parallel 
activities  (comnunications  with  the  front  end  machines,  processing  operator  commands,  data  logging,  data 
reduction,  supporting  an  interactive  display).  By  this  time  (1975)  a wider  choice  of  DEC  operating 
systems  was  available  RT  I),  RSX  1 1M  and  RSX  1 1 D . 


Our  choice  has  been  RSX  I1M.  We  have  considered  whether  it  would  be  worthwhile  converting  the 
already-written  programs  so  that  a common  operating  system  could  be  used.  We  have  concluded  that  since 
we  expect  the  programs  for  front  end  machines  to  reach  a stable  state  fairly  early  in  the  life  of  the 
tunnel  the  extra  effort  is  not  justified.  If,  however,  after  some  experience  it  seems  necessary  to 
standardise  on  one  system  it  will  be  RSX  I IH  or  a successor.  None  of  this  should  bother  a prospective 
user  who  would  presumably  only  be  concerned  with  Fortran  processing  programs  run  on  the  supervisory 
machine . 


COMPUTER  CONTROL  APPLICATIONS 


Apart  from  the  data  acquisition  and  recording  system  there  are  several  other  areas  in  which 
computers  are  used  for  combined  control  and  computing  purposes.  These  are: 


the  tunnel  and  plant  control; 


(ii)  the  balance  calibration  machine; 


and  (iii)  the  model  attitude  control. 


Tunnel  and  plant  control 


The  plant  control  computer  system,  Fig.ll,  carries  out  the  tasks  mentioned  in  section  2.3  above  and 
in  addition  performs  comprehensive  alarm  signalling  and  logging  of  plant  data.  It  is  the  responsibility 
of  Ferranti  Ltd.,  Automatic  Systems  Division. 


The  computer  is  interfaced  to  the  two  fused-quartz  bourdon-tube  precision  pressure  gauges  which 
measure  the  tunnel  speed  and  pressure,  to  the  two  digital  valves  one  for  charging  the  tunnel  the  other 
for  blowing-off,  the  cooling  water  control  valve,  to  two  keyboards,  four  ert  displays,  two  teletypewriters 
and  a paper  tape  reader  and  a punch.  In  addition,  there  are  links  to  the  instrumentation  computers  and 
provision  for  192  unipolar  and  64  bipolar  analogue  inputs  and  256  digital  inputs.  Three  of  the  ert's 
are  small  monitors  (4  lines  of  16  characters)  for  tunnel  users:  one  displays  the  set  points  and  the  others 
display  the  measured  values  and  the  percentage  errors.  The  set  points  are  entered  from  one  of  the  key- 
boards which  also  allows  set  point  control  to  be  transferred  to  the  instrumentation  computers.  The  fourth 
ert  is  a large-screen  display  which  responds  to  entries  from  the  nuin  keyboard  mounted  in  front  of  it . 
Control  loop  parameters,  alarms,  and  the  various  information  being  logged  are  displayed. 


This  comprehensively-equipped  machine  is  a Ferranti  Argus  500  with  32k  words  of  core  storage  and  a 
2 microsecond  cycle  time  operating  under  a real-time  executive,  small  machine  organiser  (SMO) . 


Balance  calibration  machine 


Associated  with  the  mechanical  balance  and  for  use  in  calibrating  strain-gauge  balances  is  a computer- 
controlled  balance  calibration  machine^.  This  machine  has  been  designed  in  the  light  of  experience  with 
earlier  calibration  machines  at  RAE  and  exploits  the  state  of  the  art  in  two  areas  of  technology  in  novel 
fashion.  As  will  have  been  noted  the  force  balance  loads  are  inconveniently  large  if  they  are  to  be 
applied  by  weights.  In  any  case  this  is  a slow  process  not  amenable  to  mechanisation  and  the  weights  are 
bulky.  Further,  the  calibration  machine  needs  to  be  transportable  initially  between  the  factory  and  the 
tunnel  site,  and  then  between  locations  on  site.  So  pairs  of  pneumatic  double-acting  force  generators 
with  tolling  rubber  diaphragms  controlled  by  conmercially-available  precision  pressure  generators  have 
been  used  instead  of  deadweights.  The  calibration  machine  designed  around  these  devices  relies  on  a 
digital  computer  to  control  and  monitor  the  loading  actions  demanded.  It  performs  initial  testing  for 
leaks,  calculation  of  the  forces  necessary,  interpolation  between  the  pressure  generator  calibration 
points,  application  of  the  necessary  pressures  with  temperature  corrections,  monitoring  of  the  various 
displacement  sensors  and  the  balance  outputs,  and  displays  and  records  the  calibration  data.  Without  a 
digital  computer  the  sum  of  these  tasks  would  be  at  best  tedious  and  slow  and  at  worst  unmanageable. 


The  balance  calibration  package  operates  in  a stand-alone  mode  and  borrows  the  mechanical  balance 
package  computer.  This  is  acceptable  because  it  is  expected  that  the  calibration  machine  will  be  used 
only  occasionally.  It  has  its  own  control  panel  of  which  the  layout  is  ohown  in  Fig. 7.  Both  the 
mechanical  balance  and  the  calibration  machine  have  been  constructed  by  TEM  Engineering  Ltd. 


6.3  Model  attitude  control 


The  attitude  of  the  model  on  the  sting  support  or  the  mechanical  balance  turntable  is  controlled  by 


servomechanisms  commanded  either  manually  or  via  the  data  system  computers.  The  control  equipment,  comson 
to  both  the  sting  and  mechanical  balance  carts,  employs  a PDP  11/03  computer  to  translate  the  control 
commands  into  appropriate  signals  for  the  servomechanisms.  This  computer  is  a microprocessor  version  of 
the  PDP  II,  being  effectively  the  rack-mounted  version  of  the  LSI  II.  It  is  at  present  the  only  example 
of  the  latest  wave  of  computer  technology  in  this  system  but  it  will  not  be  the  last. 


The  angular  position  of  the  model  in  pitch  and  roll  will  be  measured  by  force-balance  accelerometers 
mounted  on  board.  The  yaw  will  be  measured  by  an  optical  system  consisting  of  a rotating  fan  beam  from  a 
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laser  mounted  in  the  roof  of  the  tunnel  and  a set  of  photodetectors  on  the  model.  The  actual  incidence 
and  sideslip  angles  will  be  calculated  from  the  outputs  of  these  instruments  by  the  front  end  computer 
and  compared  with  the  demanded  incidence  and  sideslip.  Any  necessary  corrections  will  be  calculated  by 
the  computer  and  relayed  to  the  control  system  so  that  the  demanded  attitudes  will  be  obtained  indepen- 
dent of  support  deflections. 

For  models,  such  as  those  designed  for  other  tunned,  not  fitted  with  the  necessary  accelerometers 
and  photodetectors  the  calibrated  support  deflections  will  be  taken  into  account  by  the  front  end 
computer  software. 

7 LINKS  WITH  RAE  CENTRAL  COMPUTERS 

As  stated  earlier,  it  will  be  possible  to  operate  the  supervisory  machine  in  an  offline  mode  for 
processing  and  analysis.  It  is  also  being  provided  with  a PDP  11/7020  Emulator,  a combination  of  hardware 
and  software  components  which  equips  the  PDP  II  with  ICL  7020  Remote  Job  Entry  capability.  It  is 
connected  to  the  RAE  ICL  1906S  central  computer  via  a Datel  2400  (2400  bits/second)  line  and  ICL  7900 
communications  equipment.  A MOP  teletypewriter  terminal  is  also  connected  via  a Datel  100  line. 

Work  has  been  started  in  conjunction  with  RAE  Mathematics  Department  on  a database  system  for  use 
in  conjunction  with  the  ICL  1906S  filestore.  A subset  of  this  data  base  will  be  operable  on  the  super- 

visory machine  with  its  graphical  facilities.  Another  PDP  11/40  machine  with  interactive  graphical 
facilities  in  Mathematics  Department  is  linked  to  the  ICL  I906S  and  can  be  used  for  access  to  the  database. 

8 ANCILLARY  COMPUTER-BASED  SYSTEMS 

The  period  1972-1975  has  seen  the  rapid  proliferation  of  computer-based  systems  in  Aerodynamics 
Department  RAE,  and  several  others  are  in  use  for  wind-tunnel  data  processing.  Two  should  be  mentioned 
particularly  since  they  may  be  regarded  as  facilities  available  to  Che  5m  tunnel. 

A PDP  11/45  is  available  nearby  which  has  been  extensively  used  for  software  development  for  the  5m 
and  other  tunnels.  It  is  equipped  with  a 44-channel  simultaneous  sample-and-hold,  multiplexer  and  12-bit 
analogue-to-digital  converter  primarily  intended  for  digitising  and  processing  42-channel  analogue  magnetic 
tape.  It  employs  a software  package  developed  at  ISVR,  Southampton,  which  provides  a wide  range  of 
functions  for  processing  and  analysing  unsteady  data  and  supports  a Tektronix  4010  graphical  display 
terminal.  Users'  own  Fortran  programs  can  be  incorporated.  Multichannel  (up  to  42)  analogue  tape 
recorders  are  available  for  use  in  conjunction  with  this  facility. 

For  online  processing  of  unsteady  data  a transportable  Hewlett-Packard  5451 A Fourier  analyser  based 
on  the  HP  2I00A  computer  is  available  with  two  analogue  input  channels. 

9 CONCLUDING  REMARKS 

This  paper  has  given  a broad  picture  of  the  philosophy  underlying  the  computer  systems  installed 
in  the  RAE  5m  low  speed  tunnel  and  has  indicated  the  nature  and  extent  of  the  facilities  that  will  be 
available.  The  basis  adopted  for  them  has  been  justified  by  subsequent  developments  in  computer 
technology  (e.g,  microcomputers)  which  can  readily  be  incorporated  in  this  framework.  Interaction  between 
systems  designers  and  tunnel  users  is  of  course  vital  in  the  development  of  such  systems  and,  although 
much  previous  RAE  experience  has  been  incorporated,  the  future  enhancements  are  likely  to  be  strongly 
influenced  by  user  experience  when  the  facility  comes  into  operation. 
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UTILISATION  DES  ORDINATEURS 
ASSOC  I ES  AUX  SOUFFLERIES  DU  CENTRE  DE  MODANE 


I 


par  Girard  G RENAT 

Office  National  d' Etudes  et  de  Recherches  Aerospat /ales  (ON ERA) 
92320  CH ATHLON  (France) 

Centre  de  Modane-Avrieux 


RESUME 

Les  chaines  de  mesure  des  souffleries  de  I'ONERA,  Centre  de  Modane-Avrieux,  ont  6t£  dot^es  progres- 
siverr.ent  de  mini-ordinateurs  destines  & en  assurer  la  gestion.  Ceux-ci  assurent  les  fonctions  suivantes  : 
gestion  d'acquisition  des  mesures,  controle  et  surveillance  de  I'essai,  asservissements. 

Pour  ce  type  particulier  d'utilisation,  I'ONERA  a developpe  son  propre  logiciel.  Celui-ci  est  muUi-taches, 
il  offre  une  grande  souplesse  de  dialogue  avec  I'op^rateur  et  permet  l'6change  d'mformations  avec  I extferieur, 
£ des  cadences  proches  de  celles  rialisables  avec  I'ordinateur  fonctionnant  sans  systeme  ("stand  alone").  L'en- 
semble  du  systeme  est  en  service  depuis  avril  1975. 

Trois  applications  sont  d (rentes  : essais  de  profils  en  courant  plan,  essais  de  rotor  de  convertible  avec 
simulation  en  temps  r6el  du  basculement  du  rotor,  dispositif  de  pesee  d'engins  sous  avion,  qui  doit  permettre 
de  restituer  la  trajectoire  de  I'engin  par  rapport  au  porteur,  en  la  calculant  pas  a pas  (methode  de  la  "trajec- 
toire  captive"). 

Ces  exemples  donnent  un  apergu  des  fonctions  confines  aux  ordinateurs  assoc i6s  aux  chaines  ae  mesure, 
des  charges  qui  peuvent  leur  §tre  demandies,  et  des  limites  de  leurs  possibility. 


OPERATIONAL  USE  OF  COMPUTERS  ASSOCIATED 
WITH  THE  MODANE  WIND  TUNNELS 


SUMMARY 

The  measuring  units  of  the  ONERA  wind  tunnels  of  the  Modane-Avrieux  Centre  have  been  gradually 
equipped  with  mini-computers  for  ensuring  the  following  functions  : measurement  acquisition  management, 
test  control  and  monitoring,  automatic  operations. 

For  this  particular  kind  of  use,  ONERA  developed  its  own  software.  This  is  of  multi  task  type,  offers 
a great  flexibility  for  dialogue  with  the  experimenter  and  allows  an  exchange  of  informations  with  the 
outside,  at  a rate  close  to  that  of  a "stand  alone"  computer.  The  whole  system  is  operational  since  April 
1975. 

Three  applications  are  described  : two-dimensional  profile  tests,  convertible  rotor  tests  with  real 
time  simulation  of  rotor  tilting,  device  for  weighing  missiles  close  to  the  aircraft  with  a view  to  calculate 
step  by  step  the  missile  relative  trajectory  ("captive  trajectory"  method). 

These  examples  outline  the  functions  entrusted  to  the  computers  associated  to  measuring  units,  the 
loads  they  can  withstand  and  the  limits  of  their  possibilities. 
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1 - HISTOHIQUE 
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L'dvolution  progressive  da  la 
teohnologia  daa  eaaaia  an  aouffleriee  a amend 
1' Of floe  National  d' Etudes  at  da  Reoherohes 
Adroapatialea  A doter  peu  A pau  lea  ohaines  da 
maauraa  da  aon  Centra  da  Modane-Avrieux  an 
material  numdrique  at  analogique  de  plus  an  plus 
parf ormant . 

Lea  premiArea  utlliaations  d'un 
ordinataur  ont  vu  la  jour  lors  da  la  ddfinition 
at  da  la  realisation  d'una  ohatna  d' acquisition 
numdrique,  nommde  Unitd  d' Aoquiaition  Numdrique 
(UAN),  daatinda  A automatiaar  la  geation  de 
1' ensemble  multiplexeur-oonvertisseur , la 
stookage  das  Informations  a or  une  bands 
magndtique  numdrique  ainsi  qua  1 ' enohainement  da 
oartainas  aotions  sur  las  pdriphdriques  de  la 
ohatna. 

L’ utilisation  de  oes  UAN  a permis 
A ' augment er  oonsiddrablsmant  las  oadances 
d ' aoquiaition  at  da  stookage  des  mesuras  ainai 
qua  laur  volume,  mais  la  oonoeption  du  lrjiciel 
de  l'ordinateur  asaooid  k I'UAN  interdlt  son 
utilisation  an  tant  qu'outil  de  oaleui 
arithmdtiqua  at  logique  k das  finr  autres  qua  la 
pure  gestion  d' aoquiaition.  La  tendanoe  k 
l'dlargiaaamant  daa  fonotions  da  la  ohatna  de 
meaure  an  vue  d' assurer  la  aurvaillanoa  dee 
points  fragilas  du  montage,  lea  oalculs  looaux 
daatinda  k assurer  la  sdouritd  de  l'easai,  la 
transfart  des  informations  vers  l'ordinateur 
oantral  pour  parmettra  la  auivi  da  l'easai  par 
un  trailement  an  tampa  real,  ainai  qua  la  besoir. 
d'a3odldration  at  d ’ automat i sat ion  de  cartainea 
fonotiona  mdoaniquea  ont  ndoesaitd  l'utilisation 
d'un  deuxiArae  ordinataur,  ooupld  k I'UAN  ou 
autonoma,  dont  la  rSla  na  soit  pas  limitd  k 
oelui  d'un  automate  de  gestion  d'appareils. 

Catta  dvolution  explique  la  ooexistenoe. 
dans  une  m6me  ohatna  da  mssure,  da  plusiaura 
ordinataurs  de  nature  diffdrente  auxquela  ont  dtd 
oonfides  divarsaa  missions. 


La  tendanoe  aotualla  da  l'dvolution  eat 
da  aupprimar  oatta  diaparitd  an  oonfiant  la 
gestion  da  la  ohatna  da  meaure  k un  ordinataur 
qui  dispose  da  toutes  lea  aoliuns  aouhaitablaa 
sur  las  apparsila  numdriquaa  ou  analogiquas  qui 
la  constituent  ; laa  fonotions  d'aaaarvisaamant 
spdoifiques  d'un  aasai  partioulier  pourront 
toutafois  8tre  oonfides  A un  second  ordinataur 
an  oas  da  saturation  de  l'ordinateur  prinoipal 
ou  pour  das  raisona  da  sdouritd  da  fonotionnaaant. 


La  configuration  da  la  ohatna  de  meaure 
da  la  soufflarie  A rafales  33MA,  qui  sera 
ddtaillde  lors  da  l'dtuda  das  eaaaia  dita  "an 
oourant  plan",  pnrdfigure  laa  ohatnss  futures  qui 
dquiperont  las  aouffleriaa  du  Centra  da  Modana 
dans  un  avenir  proohe  (sovdma  da  la  planoha  l). 
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PI.  1 - Fonctions  assures  par  les  ordinataurs  de  chaTrte. 


2 - PR3S  STATION  SCHEMATIC^  DES  DIF^ERCNTES 
FONOTIONS  DSS  ORDINATAURS  (planoha  \)  : 


Lis  fonotiona  aaaurdee  par  laa 
ordinataura  de  ohatna  pauvent  Stre  gros3ierement 
olasaifieee  ei  quatra  groupaa. 

2.1.  Oeatlcn  d'aoqulaltlon  > 

L'ordinateur  dispose,  pour  rdaliaer  la 
geetion  d'aoquisition,  daa  pdriphdriques 
suivantG  i 

- un  oommutateur  da  voles  analogiquas 

- un  oonvertisaaur  analogique-numerique 
rdalisant  une  peade  aur  14  bits  plue  un 
signs 

- un  diaqua  oonatitud  d'una  partis  fixe  at 
d'una  parlia  mobile,  chacune  pouvant  atooker 
2,3  millions  d'ootets,  ou  une  unite  de  bands 
magndtique 

- une  liaison  directs  aveo  l'ordinateur  central 
(CII  10020)  qui  permet  la  transmission  de 
mots  de  16  bits  an  parallAle  A une  oadenoe 
maximale  de  1 ' ordre  de  20  000  Hz. 

La  prooessus  d' aoquiaition  consiate  A 
sdleotionnor  laa  voies  A explorer  dans  un  ordre 
pre-etabli  ddfini  par  la  oontanu  d'una  table 
d'adressea,  puis  A ddolenoher  la  pasda  par  la 
convert iaaaur.  L' ensemble  des  mesuras  ddcoulant 
d'una  table  d'adre3aes  ou  d'un  aoua-enaemble 
logique  d'una  table  d'adras3es  oonstitue  un  lot 
d ' inf ormations.  Cs  lot  sera  gdndralement  stookd 
looalement  sous  sa  forme  brute. 

Las  lots  sent  anauita  (ou  aimultandment) 
transmia  A 1 ' ordinataur  oentral  aprAa  avoir 
dvantuallamant  subi  une  transformation  simple 
(moyenne,  ohangement  d'unitda,  oorraotion  de 
zdroa,  eto.). 

Laa  cadenoea  instantaneea  de  miltiploxage 
et  oonvaraion  peuvent  atteindre  16  000  Hz  on 
mode  aldatoira  (fourniture  da  l'adresaa  A ohaque 
pasda)  et  60  000  Hz  an  mode  adquential 
(fonoti ornament  on  oommutateur). 

Le3  oadences  de  tranafart  vara 
1' ordinataur  sont  an  moyenne  asaez  faiblea  (200 
mote/seoonde) , alias  atteignent  4000  A 5000  Hz 
pour  laa  eaaaia  inatationnairaa. 

2 . Automatiamea  et  rd/rulationa  t 

Lea  fonotiona  oonfides  A l'ordinateur 
dans  la  domains  daa  aa  isrvieaementa  et  daa 
rdgulations  sont  aaaez  diversifidas  oar  alias 
ddpendent  du  but  reoherohd,  da  l'apparaillage  mia 
an  oauvra,  du  type  de  f onotionnement  reoherohd. 

Deux  modes  de  fonctionnement  diatinota, 
qui  ear  ont  ddtalllds  ultdrieurement,  aont  utilisds: 

- las  asserviaaemente  par  valeur  da  oonsigne  i 
1' ordinataur  eat  A 1' origins,  mais  na  rdaliaa 
pas  1 ' assarviaaamant  qui  sat  oonfid  A un  dispoaitif 
extdrieur . 

- lea  asaarviaaemants  oomplata  i l'ordinateur 
dispose  daa  oommandea  dldmentairaa  de 

posit ionnamant  (marohe,  arrdt,  aens,  ato.)  at 
rdaliaa  lui-m8me  1'aasarviBsemant  A partir  d'un 
algorithma  prd-ddfini. 

2.3.  ContrSlea  at  aurvaillanoa  da  l'easai  i 

Catta  aotivitd  das  ordinataurs  da 
soufflarie  prdsente  pluslet.re  aapeote 
oompldmantaires  i 

- Survaillanoa  globale  da  la  ohatna  da 
meaure  at  da  la  qualitd  daa  maauraa  (ddtaotion 
daa  saturations,  daa  fuitas,  oontrSla  de  validity 
ddtaotion  daa  ddolyolagea  daa  appareils  A 
commutation. . . ) 
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- Surveillanoe  da*  point*  fragile*  du 

non tag*  (ddpassament  d*  la  oapaoltd  d*a  oalano**, 
suppression*,  ...)  ou  dea  oonfiguration* 
dang*r*u**a  prdjudiolables  4 la  t*nu*  da  materiel. 

- ?ourn i t ure  d*  paramdtr**  semi-dlabords 
destinds  4 aaaurar  la  oonduita  maaroaoopiqu*  da 
l'aaaal  at  aurvaillanoe  daa  paramdtres  old*  da 
1 'experimentation  an  oours  afin  d'an  oontrSlar 
1*  suivi  at  la  qualitd. 

La  premier  aapeot  eat  aaaez  v*tdmatlqu* 
quel  qua  aoit  la  type  d' experimentation  an  oours, 
le  deuxidme  at  1*  troisltme  aapeot  aont  4 la 
diaordtion  da  1' experiment ate ur  qui  ddfinira  lea 
oontrSlea  4 affeotuer  an  ooura  d'essai. 

Lea  informations  an  provananoa  daa 
diffdrenta  oontrdlaa  aont  an  gdndral  envoy dee 
aur  dea  viaualisationa  numdriques  quand  alien 
demandant  un  oontrSla  immediat  at  permanent. 

Eliea  aont  envoy des  aur  un  oathoaoop*  ou  una 
teletype  quand  allea  presantant  un  intdrdt  dans 
le  auivi  da  l'esaai  aana  aattr*  en  auoun  oaa  an 
oauaa  la  adouritd  du  matdrial  on  daa  paraonnaa. 

La  oadenoa  den  rafraiohiaaementa  da  oaa 
informationa  ddpand  da  l'importano*  dea  traitementa 
4 rdaliaar  maia  reata  toujours  prooba  dea 
poaaibilitda  de  prdhansiona  at  da  rdaotiona  d'un 
opdrateur  humain  (da  l'ordre  da  0,2  aeoondea  4 
2 ou  3 aaoondea). 

2.4.  atohslnament  dea  operation*. 

La  coordination  at  1 ‘ anobalnamant  das 
fonotions  ddfiniaa  preoddemmant  aont  aasurda  par 
1*  ddroulamant  d'un  ou  pluaieura  programmes 
d'applioation  oontrSldspar  la  moniteur  du  syst&me 
da  gestion  du  oaloulateur. 

L'aoquiaition  daa  maaures  ainai  qua 
lea  traitementa  4 rdaliaar  ddpendent  en  gdndral 
da  troia  rythmaa  distinota  i 

- le  rythme  la  plua  dlevd  HI  ddfinit  la 
oadenoa  instantand*  de  multlplaxaga-oonvaraion 
pendant  1*  ddrculamant  da  l'aoquiaition  d'un  lot. 

- 1*  rythme  H2,  enoora  appald 
rdourranoe,  ddfinit  la  frdquenoe  du  ranouvellaaBnt 
d'un  lot. 

- le  rythme  H3  determine  la  oadano*  da 
ranouvallamant  da  l'aoquiaition  d'un  enaemble  * 
logiqua  de  pluaieura  lots  (polaira). 

Le  rythaa  HI  sat  ddtarmind  par  1*  mode 
da  fonotionnamant  da  l'anaambl*  multiplaxaur- 
oonvartiaaeur  (aldatoire  ou  adquential)  ou  par  1* 
rdglag*  da  l'horloge  aaaooid*  4 ostta  commutation. 

La  rythme  H3  eat  ddtarmind  par  un 
dvdnsmant  extdrieur  4 la  disposition  da  1'opdrataur 
at  du  raaponaabl*  da  l'aaaal  (bouton  poussoir) . 

La  rythaa  H2  ou  rdourranoe  eat  fonotlon 
du  mod*  d ' acquisition  aasooid  4 la  partis  rumdrlque 
da  la  chain*  da  aasur*.  On  distingue  deux 
orientations  diffdrantaa  ■ 

- La  programs*  eat  4 1' origin*  du 
ddolanohamant  da  l'aoquiaition  • 

La  rdourranoe  eat  dans  oa  oas  ddtarainda 
par  la  durd*  daa  opdratlans  4 rdaliaar  (atookaga, 
prd-traiteaant,  tranaferts)  ou  aynohronisd*  aur 
un  dvhnament  attendu  par  1*  programs*. 

- La  programme  aublt  l'arrivda  daa  isa suras  ■ 

La  rdourranoe  eat  ddtarmind*  par  la 
rythaa  da  l'arrivda  daa  inf oraat 1 one  dans 
1 ' ordinataur . Las  programmes  entrant  dans  oatt* 
oatdgori*  a*  olasaant  an  deux  soua— enaaablea  | 
o*ux  pour  laaquals  11  eat  impdratif  qua  la  durd* 
du  traltansnt  aoit  infdriaura,  an  aoyanna,  4 la 
pdrlod*  da  l'aoquiaition  at  oaux  qui  aont 
autorisda  4 na  trait ar  qu'un  lot  da  taapa  an 
tamp*  an  fonotlon  da  laur  rdourranoe  propra. 


Dans  tous  las  oaa  oD  11  ast  ndoassalra 
qua  la  rythaa  du  traitaiaant  d'un  lot  aoit  au 
noin*  dgal  4 oalui  da  son  ranouvallamant,  la 
oadenoa  d'aoquialtlon  doit  pouvoir  a' adapter  4 
la  durde  du  traitaasnt  qui  eat,  an  gdndral, 
inooapresaible.  L'utilisation  d'un  stookag*  da 
mass*  (die qua)  per mat  dans  oertains  oaa  da 
raoular  lee  limit**  impose**  par  la  durd*  das 
traltemants  j o*  type  de  fonotlonnauant  entrain* 
oapendant  un  retard  oroiasant  antra  aoqulaitioa 
at  traitaasnt,  retard  qui  paut  Itra  prdJudior«.bl* 
au  auivi  at  4 la  adouritd  da  l'aaaal.  Catta 
prooddure  ne  paut  dono  8tr*  mlsa  an  oauvra  qua 
pour  lea  traitementa  aeoondairea  na  ndoeaeltant 
paa  una  aurvaillanoe  trda  serrd*. 


3 - LOGICIEL  DE  BASE  - STSTEME  CHA. 


3.1.  Ddflnltion  dea  baaolna. 

Lea  premldrea  realisations  da  gestion 
da  tout  ou  partia  d'une  ohalna  da  assure  par  un 
ordinateur  ont  vu  la  Jour  lars  da  l'doritura  du 
premier  prooaeeua  oourant  plan  at  lore  da  la  nis* 
en  aarvio*  da  la  liaison  direota  aveo  1' ordinataur 
o antral . 

La  premier  prooessus  oourant  plan  avalt 
dtd  dorit  (an  1972)  en  pranant  1' ordinataur  brut 
sanu  logioial  aaaooid  (f onotionnamant  dlt  an 
"stand-alona"),  la  liaison  diraot*  avait  dtd 
dorit*  an  util leant  ocmms  support  un  logioial 
adquential  fourni  par  1*  oonstruotaur  (Baaio 
Control  3yataa)  dont  lea  deux  avantagas  dtaiant 
da  gdrar  las  antrdea-sortlas  at  da  parmattr* 
l'smploi  du  Fortran. 

L'axtanalon  progressiva  das  fonotions 
oonfldas  4 oas  ordinatsura,  an  partloullar  la 
aurvaillanoe  daa  points  fragile*  d’un  non tag*  at 
da  tout  point  ralatlf  4 la  adouritd  d'un  essai  a 
amend  l'OHEHA  4 ddsirar  un  logioial  da  baa*  plua 
sophiatiqud  prdsentant  antra  autre  laa 
oaraotdristlquea  suivantaa  i 

- possibilltd  da  aanar  an  parall41*  pluaieura 
travaux  inddpandanta 

- lnddpandano*  daa  travaux  via  4 via  dea 
pdriphdriquas  qu'lla  n'utiliaant  pas  at  an 
partioulier  lore  d'un*  panne  da  l'un  d'aux,  oaol 
pour  dvltar  par  axaapl*  1 ' arrl L d'un  programa*  da 
aurvaillanoe  par  suit*  d'un  fonotionnamant 
ddfioiant  da  la  lialeon  diraot*  aveo  1 ordinateur 
o antral  qui  eat  raraamut,  da  fait,  indispensable 
4 l'aaaal. 

- tamp*  da  ooamntation  da  t to has  at  taapa 
da  rdpons*  aux  aollioitationa  extdrieur** 

( arrivd*  d'un  lot  d' inf uraationa)  da  l'ordre  da 
la  ailll-saoonde. 

- oadano*  da  transfart  (Efatrdes-Sortiaa) 
instantand*  an  mode  programme  da  l'ordre  da 
19  000  Hs  aana  programaation  spdoiala. 

- oadenoa  da  transfart  instantand*  an  mode 
oanal  au  ainlaua  dgal*  4 80  000  Hs  (enaaable 
aultiplaxaur-oonvartissaur,  disqua  ...) 

- anoombramant  mdmoira  rddult  1 laa 
ordinataur*  du  Centra  da  Modana-Avriaux  na 
disposant  qua  da  32  K.ooteta. 

- varrouillag*  du  ayatdma  d' interruption 
limitd  4 20  mioro-aaoondas  afin  d'ttr*  a dr  da  n* 
Jamais  pardr*  d' information  4 destination  ou  an 
provananoa  d'un  pdriphdriqu*  rapid*. 

- possibilltd  da  ordatlon  ou  d'axtanaion 
d'un  oatalogu*  da  oommanda  parsonnallad  pour 
rdaoudr*  las  probldmas  da  dialogue  metre 
1'opdrataur  at  la  attains  da  aasur*. 
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- lsterfmo#  gtillHtnr-onUH  uul  simple 
qua  possible  permettant  l'emploi  daa  langages 
*vo)  a*s  oomme  la  FORTHAW  oompte  tana  d'una 
bibliothhqus  existante  (oompilateurs, 
bibliothbqae  aath*matiqne) . 

3.2.  Presentation  x*n*rale  da  1 official  OKA. 

La  loglolel  multi-tAohes  atandard, 
fourni  par  la  oonatruoteur , dont  1’  OHERA  s' ast 
port*  aoqudraar  af In  d' an  oonnaltre  laa 
poaslbll)t*s,  r*pond  4 an  oertain  nombre  daa 
polnta  ai-dessus  aala  presents,  via  4 via  da 
oette  demands,  da  grosses  laounsa,  notaaaant  dans 
la  domains  daa  Qitrdao-Sortiaa,  L'OHERA  a dono 
antrapris  da  r*aliser  an  logioiel  oorraapondant 
4 saa  baaolna  propraa. 

La  logioiel  r*alis*  aat  an  multi-tiohss. 
La  temps  da  oommutatlon  d'una  ttoha  4 l'autra 
aat  da  1'ordra  da  300  aloro-aaoondaa.  Lea 
oadanoaa  d‘ Entrdes-Sorties  an  aoda  program* 
aono-direotlonnel  aont  da  30  000  Ha,  el lea  aont 
da  17  000  Ha  an  mode  programs*  adreaaable 
(transfart  d'ona  adrassa  at  d'ona  inf araatlon) . 

La  systems  da  base  ooaportant  lo 
aonltaur  at  la  gastlon  daa  p*riph*riques 
standard  a (Teletype,  laotaur/parforataor  de 
rutyan,  dlaqua  ou  unit*  de  bandaa  magn*tiques) 
oooopa  environ  12  K.ootats  da  ndmolra. 

L'lntarfaoa  otilisateur-syst*me  a *t* 
volontairamant  randua  ldantlqua  4 oalla  do 
systems  equivalent  do  oonetruoteor  dans  la  but 
evident  d'en  utiliser  las  prooaasaors  standards  | 
da  oa  fait  laa  programme a d ' applications  dorits 
pour  toornar  sous  le  systems  du  oonstruotaor  aont 
ooapatiblas  avao  la  system  OMA  ns.  a n'an 
ntllismit  pas  tootes  las  raasooroa3. 

La  langaga  la  plus  oourammont  utilis* 
pour  la  pr ogr aroma t ion  das  applioationa  (gastlon, 
aurvaillanoa,  traitamants  looauz)  aat  la  Fortran , 
la  langaga  d'assaablaga  n’dtant  utilis*  qua  pour 
traiter  laa  oas  da  manipulation  da  bits 
diff ioilement  aooasslblas  au  Fortran. 

L'doritixra  das  nodules  da  gastlon 
d'antrdaa-sortlas  aat  faita  par  oontre  an  langaga 
d ' assaablaga . 

3.3.  Arohlteoturs  g*n*rals  du  systems  OMA. 

L'arohiteoture  do  system  figure  sur  la 
soh*m  aynoptlqus  da  la  planahe  n*  2. 

L'ensaable  do  qjrst*me  aat  artioul* 
aotoor  d 1 on  rdsaao  da  oomaonioatlons  da  messages. 


PI.  2 - Architecture  du  systime  CMA. 


3.3.1.  R81a du  Sopervlsaur. 

La  Suparvisaur  aat  un  allooataur  passlf 
da  l’unlt*  oantrala.  II  dispose  d'una  Hats  da 
travaoz  privileges,  ass oo Ids  aux  *vtnements  da 
fin  d'entrdes-aorties,  qu'll  fait  paaaar  an 
priori td  par  rapport  a ox  travaoz  d'ona  antra 
nature  qol  aont  ddposda  dana  las  files  d'attantaa 


L' exploration  daa  fllaa  d'attantaa 
n'eat  faita  qoa  si  aooun  travail  privlldgld  n'eat 
valid*  | 4 ohaqoa  file  ast  assooKa  ana  priorit* 
logiolalla  d*taralnda  par  un  ordra  d' exploration, 
ohaqoa  file  n'dtant  traltde  qua  si  la  pr*o*danta 
<talt  vide. 

La  Soparvlsaur  n'a  auoun  rSla  de 
d*oision  quant  aux  aodulaa  4 fairs  travaillar, 
ohaqoa  asasaga  oontcnant  dans  aas  informations  la 
nodal  * destinatalrs . 


3.3.2.  Hot ion  da  Module. 

Un  nodule  aat  oonstltu*  d'una  a*rle 
d ' instructions  dsstindas  4 assurer  one  fonotion 
ddfinie  at  aotonoma.  Las  modules  aont  oonnoa  du 
soparvisaur  par  1 ' adroase  d'una  sons  da  variables 
assooidas,  1' adrassa  da  la  preni&re  instruction 
executable  at  1*  ldantlf ioataur  du  nodule  (num*ro). 
Ils  pauvant  Itra  d*ooup*s  an  traitemants  qui  sont 
ddfinis  oomras  une  a*ria  d* lnstruotions  ex*out*as 
antra  deux  rat ours  au  Superviseur. 

La  Superviseur  ignore  la  notion  da 
tralteaant  qui  ast  g*r*  par  la  module  at  qui  fait 
partis  Integrants  das  massages  d*pos*s  dans  las 
files. 

Las  modules  sont  an  g*n*ral  assooids  4 
on  p*riph*riqoa,  une  partis  daa  instructions 
4 tent  ax*out*a  sous  la  niveau  d' interruption  do 
p*riph*rique,  ils  aont  par  ailleurs  raooordds  so 
r*aeau  g*n*ral  de  oommunioatlona. 

3.3.3.  Hot ion  de  tfcohe . 

Una  ttoha  ast  an  pratique  un  programse 
d' applioationa.  Cas  programmes  d' applioationa, 
dont  las  prerogatives  sont  noindres  qoa  oallas 
das  nodules  (qui  pauvant  4 pan  prAs  tout  as 
perrai  ttre)  sont  aooroohds  au  Superviseur  at  au 
rdsaaui  da  oommunioation  par  1' intarmddiaira  da 
deux  lnterfaoes. 

L'lntarfaoa  syst4ne/t<oha  oontrSle  la 
logiqua  da  d*roulement  das  programmes  at  la  bien- 
fond*  de  leur  reprise  lore  das  misas  an  attanta 
par  suite  das  operations  d'entrdes-sorties. 

L'lntarfaoa  t&oha/ayst4ma  oontrSla  la 
syntaxa  at  la  formulation  das  demandes  at  las 
traduit,  sous  forma  d'un  massage  dastin*  au 
r*seau  da  oommunioation  | alia  tiant  4 jour 
l'*tat  das  *v4namants  assooids  4 oas  demandes 
(aotif,  fini,  attandu). 

Las  tSohss  sa  prdsentant  sous  forma 
d'un  rubar  oontanant  las  lnstruotions,  l'ldentlt*, 
laa  implantations  memoirs  at  las  assignations 
(oorrespondanoe  entra  etiquette  opdrationnalla  at 
p*riph*riqua)  ndoessaires  4 la  bonne  ax*oution  da 
oelle-oi. 


3.3.4.  Rdseau  da  oommunioation. 

La  rdaeau  de  oommunioation  ast  an 
pratique  un  soua-programraa  qui  ast  appal*  4 
ohaque  fois  qu'un  module  desire  ooamunlquar  un 
message  4 un  autre  module.  Comma  dans  tout  qjrstkne 
ds  oonmmnioation,  l'dinetteur  fournlt  la  massage  4 
transmettre,  message  dont  la  syntaxa  aat  une 
oonstante  du  systems,  ainsi  qua  la  destinatalrs 
du  massage  sous  forma  da  la  file  d' attanta  dans 
laquelle  doit  Strs  depose  1a  massage  an  question. 

3.3.3*  Extension. 

14k*  extension  du  ayst4ne  ast  an  oours 
da  realisation  dans  la  but  da  pernettre  l'aoo4a 
at  la  gastlon  da  fiohiara  or**s  at  oatslogu*s 
aoos  la  eyat4ae  DOS  (Dlso  Operating  °.,stem)  do 
oonstruoteur  daa  ordinataurs  HP  2100. 
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4.'.  Prdasntatlon. 

Le  dispositif  d'essai  en  oourant  plan 
a 4ta  rdalisd  dans  la  soufflerie  * rafales  S3MA 
dene  le  but  d'autonatieer  le  ddrouleaent  dee 
opdrations  pour  en  an* 11 or er  lee  prestations. 

4.2.  Deeorlptlon  de  la  o ha Ins  ( planohe  3). 

La  ohalne  de  meeure  ooeprand  i 

- l'enseable  aultiplexeur-oonvertisseur 

- la  loglque  de  ooenutation  de  pression 

- la  loglque  de  oonasande  de  prise  de  rue 

- le  olavier  de  dialogue 

- la  loglque  de  ooanande  de  position  ( inoldsma, 
pelgne) 

- la  oonuande  de  proteotion  dee  oapteure 
autonoaes 


- lee  pdriphdriques  olaasiques,  Tdldtjrpe, 
laoteur  de  rubans,  perforateur  de  rubene 

- l'horloge 

- l'unitd  de  bandes  nagndtiques 

- la  tdldooasande  d'une  ohalne  analogique  pour 
lee  assures  instationnaires  s'il  j a lieu. 


PI.  3 - Chafne  pour  essais  en  courant  plan. 


4.3.  Oestlon  d' acquisition. 


L'ordinateur  ddroule  autoaatiquenaat, 
en  fonotion  d'un  prograane  d'essai  jrd-dtabll 
fourni  an  ddbut  de  ohaque  rafale,  lee  operations 
sulTantes,  dans  oet  ordre  i 


1 - Acquisition  dee  e4roe  event  rafale. 

2 - Ddolenohement  et  exdoution  de  la  rafale. 

3 - Acquisition  dee  sdroe  aprts  rafale. 

4.4.  Aoquleltlon  dee  a*roe. 


V acquisition  dss  valours  de  zdros  dee 
oapteure,  r4alls4e  eystdnetiquement  avant  et 
aprbe  la  rafale,  proodda  dee  prinoipes  aohdaatlsds 
sur  la  planohe  4. 


L'ordinateur,  auquel  a 4t4  prdalablsaant 
fourni  le  prograane  gdndral  sous  la  for as 
reprodulte  sur  la  planohe  g,  prdviant  l'opdrateur 
soufflerie  du  ddbut  de  la  prooddure  4 l'alde  de 
▼op-ants  luaineux  disposer  ear  Is  bottler  de 
dialogue. 


Par  1'  interne  iaire  du  alas  bottler, 
l'opdrateur  far a savolr  4 l'ordinateur  s'il  peut 
ou  non  oontinuer  sa  prooddura.  Sana  le  oas 
favorable,  l'ordinateur  poaltloRnera  l'laoidenoe 
k la  valeur  fournie  dans  le  prograane  d'eeeal, 
prsndra  one  photo  e'll  j a lieu  et  Adolenohere 
l'aoquisition  du  lot  d ’ inf oraat ions  ddflni  par  la 
tabls  d'adressee  fournie  avant  la  rafale. 


tas  valours  eont  laprlades  ear  la 
tdldtjrpe  looale  k dee  fins  de  oontrOle. 


Le  prograane  gdndral  peraet  1 ' soqulatHcn 
de  deux  sdroe  siaultands.  Le  prenier  eat  en 
gdndral  rdalisd  aveo  la  pression  atmoaphdrlque 
ooaase  oontre-prsssion  sur  las  oapteure,  la 
deuxibne  eat  rdalisd  aveo  la  oontre-prsssion  ds 
l'essai. 


PI.  4 - Courant  plan  - Acquisition  des  zeros. 


4.5.  P*rou 


de  la  rafale  (planohe  5). 


Le  prinoipe  du  ddroulement  eat 
saneiblenent  le  ados  qua  pour  l'aoquisition  des 
sdros  ; lee  acquisitions  des  assures  eont  par 
oontre  plus  oonplexes. 


Le  prograane  de  l'essai  ddflnit  le  type 
d'aoquisition  * rdaliser.  Ces  types  sont  lee 
auivants  i 


Aoquisition  des  prssslona  pari A tales  i 

L'aoquisition  oonslste  4 explorer,  4 
l'alde  dc  prises  de  preset ons  report  lee  sur  le 
prof i 1 , le  ohanp  adrodynamique  au  niveau  du 
profil. 
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Pi  5 - Courant  plan  - Rafale. 
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Laa  grlui  da  praaaiona  aont  rdpartiea 
aur  aiz  ooamutataura  da  praaaiona  da  type 
aoaniralva  ooaportant  ohaoun  quarante  huit 
prlaaa. 

La  lot  d' Inf  or  ml  t ion  aat  oonatltud  daa 
aiz  aignauz  an  provenanoe  daa  oaptaura  aasooida 
aoz  ooaautateura,  da  quelquea  praaaiona 
oaraotdriatiquea  (pi,  po)  meaurdea  par  dan 
oaptaura  antonoaaa  at  daa  par  aa  lira  a da  poaition. 

L'ordinataur  azplora  auooeaaivement  laa 
48  poaitlons  daa  oomautateura  da  praaaion  an 
donnant  l'ordra  da  ooanutation  at  an  vdrifiant 
4 ohaqua  foia  la  atabiliaation  daa  aignauz  an 
provenanoe  daa  oaptaura  (aaaervlsaement  da 
oommutation,  paragraphe  4.6). 

- Peignage  da  aillage  i 

La  prinolpa  da  oatta  aoquiaition 
oonaista  4 azplorar,  par  un  balayage  vartioal 
da  la  vaina,  la  ohamp  adrodynanique  an  aval  du 
profil  (aillage). 

L‘ Exploration  aat  rdaliade  par  un  paigna 
ooaportant  a>s  priaaa  da  praaaiona  atatiquaa  at 
totalaa  qui  M ddplaoe  but  una  glia  si  fere 
vartioala  4 l'aide  d'una  aotoriaation  approjride 
aaaurant  una  vltaaaa  oonatanta. 

La  lot  d'aoquiaition  aat  oonatltud  daa 
oaptaura  autonoaaa  gdndrauz  (po,  pi,  oontra- 
jareaaiona),  daa  oaptaura  autonoaaa  du  paigna  at 
daa  oaptaura  aaaooide  aux  ooamutataura  da 
praaaiona  (praaaiona  paridtalee) . 

Fandant  la  ddplaoement  du  paigna,  qu'il 
a ddolenohd,  l'ordinataur  prooAde,  avao  una 
rdourrenoe  oonatanta  (10  lota/aaoonda) , 4 
1* aoquiaition  daa  lota  an  ddolenohant  la 
oomnutatio'.  (non  aaaarvia)  daa  praaaiona 
paridtalee  avao  una  rdourrenoe  qui  aat  un  aoua- 
aultiple  da  la  prdoddente. 


4.6.  Aaaarvlaaamant  da  oonautation  (planoha  6). 

La  prinoipa  da  1'  aaasrvieaement  da 
oonautation  rapoaa  aur  l'allura  gdndrale  da  la 
oourba  da  rdponae  qui  aat  jrdeentde  aur  la  figura 
n°  1.  La  taapa  da  atabiliaation  du  aignal  aat 
fonotion  da  l'4oart  antra  la  praaaion  da  ddpart  at 
la  praaaion  d'arrivde  ainai  qua  du  nlvaau  da 
praaaion  gdndral  Po.  Ca  tanpa  aat  dono  variabla 
d'una  priaa  4 l'autra. 

Fn  dahora  da  tout  aaaarvlaaamant  la 
eohdma  d'una  edrie  da  oomnutatlona  aa  prdeente 
oomna  indlqud  aur  la  figura  n®  2.  La  oadanoa  da 
ooanutation  oat  ohoiaia  on  fonotion  du  tampa  do 
rdponaa  la  plua  long  afln  d’aoqudrir  pour  ohaqua 
priaa  un  aignal  ay  ant  da  fortaa  ohor.oea  d'ftre 
etabiliad.  Cartainaa  praaaiona  aont  rdpartiea  aur 
pluaiaura  prlaaa  auooaaaivaa  afin  da  no  paa  trop 
pardra  do  tampa  pour  laa  prlaaa  prdaentant  un 
oourt  taapa  do  rdponae. 

Dana  oatta  mfthode  da  oonautation,  la 
ooapronla  antra  la  frdquanoe  do  ooanutation 
minimal  a,  aaxlnala  at  la  rdpartition  daa  priaaa 
aat  fonotion  do  l'aaaal  4 rdaliaer,  dono  non 
rdpdtitlf . 


L'utillaatlon  d*  un  ordinatour  pour 
ddolenohor  la  oonautation  paraat  da  remddler  auz 
dauz  ddfauta  da  la  oonautation  autoaatlqua 
oadanoda,  4 aavolr  la  porta  do  taapa  ou 
l'utillaatlon  da  priaaa  an  doubla  ou  trlpla,  at 
la  aanqua  da  oartituda  quant  4 la  validity  da  la 
aaaura. 

L'ordinataur  d4olanoha  la  oommutation 
puia,  aprAe  avoir  attandu  un  tampa  minimum 
oonatant  an  daqa  duqual  il  n'aat  phyelquement 
paa  poaaibla  qua  la  atabiliaation  aolt  attalnta, 
lit  4 intarvalla  ;ul iar  la  rdponae  du  oaptaur 
at  ooapara  4 ohaq-  a foia  la  aignal  obtonu  avao 
la  prdoddent.  31  la  diffdrenoe  antra  dauz  aignauz 
auooaaalfa  oat  inf4rlaura  4 la  plaga  da 


atabiliaation  iapoede,  la  oaloulataur  atooka  laa 
aaauroa  at  ddol  tnoha  la  oommutation  afin 
d' azplorar  la  plot  auivant  | dana  la  oaa  ocntraira 
l'ordinataur  oontlnua  4 auivra  la  atabiliaation 
du  aignal. 

Au  delA  d' un  oartain  tampa,  traduit  par 
un  nombra  da  laoturae  maximum  daa  aignauz,  la 
oaloulataur  ddolare  la  aignal  inatable,  la  atooia 
an  la  marquant  at  paaaa  au  plot  auivant. 

Cat to  mdthode,  qui  aat  appliqude  an 
parallblo  aur  pluaiaura  ooamutataura  (siz 
aotuallaaant),  parmet  d'una  part  d' azplorar  laa 
praaaiona  auaai  vita  qua  leur  atabiliaation 
l'autoriaa  at  d'autra  part  d'ltra  a dr  qua  la 
maaura  aat  atable  ou  inatabla. 
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PI.  6 - Courant  plan  - Asservissement  de  commutation. 


4.7.  Aaaarvlaaamant  d’lnoldanoa. 

Dane  oa  typo  d'asaai  l'aaaarviaaament 
an  inoidanoa  aat  assurd  par  l'ordinataur  qui 
diapoaa  daa  oomnandaa  dldmento lrea  da  adlaotion 
du  a ana  du  ddplaoement  at  da  marohe-urrdt 
(aohdmu  aynoptiqua  planoha  7). 


IMCIOfNCf 


PI.  7 - Courant  plan  - Asservissement  d'incidence. 


L'algorithma  adoptd  aat  baad,  comma 
dana  tout  aaaarvlaaamant,  aur  l'doart  antra  la 
valaur  da  oonaigna  at  la  valaur  aotualla. 

Au  dal A d'un  oartain  doart,  lid  4 
1' inertia  du  eyatAma,  la  ddplaoement  aat  oontinu 
A grande  viteaaa.  T. ' ordra  d'arrdt  aat  donnd  au 
point  A du  graphlqua,  l'axrdt  eat  affeotif  au 
point  B.  3i  la  point  B aat  aitud  dana  la  fourohette 
ddtarmlnda  par  la  prdoiaion  aouhaitda,  l'ordinataur 
a'arrAta,  ainon  il  oontinua  an  donnant  una  adrie 
d'ordra  da  maroha-arrAt  da  durde  oalibrda  juaqu'A 
oa  qua  l'arrlt  aa  faasa  dana  la  fourohette 
impoada. 

Ia  oholz  da  la  plage  d' inertia  aat  fait 
aprAa  idntif ioatlon  du  modAle  da  faqon  A oa  qua 
1'arrAt  ddolanohd  an  A about laaa  A un  arrdt 
affeotif  dana  la  fourohette,  oa  qui  aat  vrai  dana 
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plus  de  90  $ des  ou  AtudiAs.  Dans  Is  oas 
oontrairs  tout  pblnomlne  da  poapage  sst  supprimA 
par  la  Habitation  du  nombrs  da  ohangement  da  sans 
da  ddplaosnant  \ si  os  nonbra  sst  attaint,  la 
point  ds  nssurs  sst  fait  A la  darnikre  inoldanoa 
obtsnus  at  l'anonalis  sst  signalAe  A 1 ' opArateur 
pax  un  massage. 

4.8.  Conclusion . 

L' utilisation  d'un  ordinatsur  pour 
gArar  la  ohaine  da  mesure  da  la  soufflaria  k 
rafales  S3MA  a permis  das  ameliorations  dans  les 
domaines  suivants  i 

- gain  da  temps  at  da  qualitA  dans 

1 ' exploration  das  48  plots  d'un  oommutateur  ds 
prassion. 

- gain  da  tamps  at  suppression  da  fonotions 
manuslles  du  fait  ds  1 ’ er.chalnement  automatique, 
suivant  programme,  das  diffArents  types 
d'aoquiaition. 

- gain  da  tamps  dQ  k la  oonmande  das 
motorisations . 

- recoupements  aveo  das  assais  antArieurs 
rsndu3  possibles  grSoe  A la  reproduotivite  du 
positionnement  an  inoiuanoa. 

- augmentation  du  nombra  d' informations 
utiles  aoquises  dans  una  mjne  rafale 

- augmentation  ds  la  seouxitA  du  material 
grSoa  aux  dot  sot  ions  das  anomcv  lies  da 
fonotionnement  at  k la  rapiditA  des  aotions 
entreprises  s’ 11  y a lieu. 

5 - ES3AI  D'UN  ROTOR  BE  CONVERTIBLE. 


3.1.  3ut  da  l'essai. 

L'essai  da  rotor  da  oonvertible  rsalisA 
dans  la  souffleris  transsoniqus  31KA  ds  Modane- 
Avrieux  pour  la  oompte  de  la  Sooiete  Nationals 
des  Industries  AArospatiales  se  propose  de 
3imuler  Is  dAoollage,  la  vol  da  oroiaiere  et 
1 ' attsrrissage  d'un  avion  convertible. 

Dans  la  phase  de  decollage,  le  rotor 
dont  1'axe  eat  au  dApart  vertical  dans  la  position 
hAlicoptAre  bascule  au  fur  et  a masure  que  l'avion 
monte  et  prand  de  la  vite3se  jusqu'A  davenir 
horizontal  dans  la  position  hAlioe  qui  ast  oalle 
de  croisiAre.  Dans  la  phase  d ' attsrrissage  le 
basoulement  a lieu  dans  le  3ens  inverse.  Css  deux 
phases  durent,  an  vol  rAel,  environ  12  seoondee. 

L'Aquilibre  aArodynamique  da  l'avion  en 
vol  vaut  qu'il  y ait  una  relation  bi-univoque 
antra  la  vltessa  linAaire  da  l'avion  et  les 
paramAtres  de  positions  et  de  motorisations,  et 
o'sst  oette  relation  que  l'essai  ss  propose  de 
3imuler  ' .nc:.o 


(V/«.  tl  it.  12. 


SOUFFLERIE 
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*).2.  Caraotdristiquaa  da  1*  aaserviasemant 

La  simulation  du  ddoollage  at  da 
l'attarriasaga  da  l'avion  oonvertible  nAcessite 
la  passage  d'une  Vitesse  ds  l'ordre  de  30  m/s  k 
une  vitesse  da  l'ordre  de  70  a/s  at  rdoiproquemtx 
dans  un  interval  le  de  12  seoondts. 

L’ aooeldrati on  at  la  ddodldration 
oorreapond antes  sont  du  mSme  ordra  de  grandeur 
qua  1 ' aoodldrat ion  maximale  de  ddmarrage  ou  la 
ddodldration  maximale  de  la  soufflaria  SIMA  de 
l'ONSRA.  De  oe  fait,  1' impossibilitd  de  piloter 
la  vitaase  de  la  soufflaria  dans  css  deux  zones 
limites  ds  fonotionnement,  a amend  l'ONLRA  et  la 
3NIAS  k ooncevoir  un  assarvissement  inverse  da 
oelui  du  vol,  o'est-A-dire  k asservir  lea 
paramAtres  du  rotor  k la  vitesse  de  la  soufflaria. 

Les  paramAtres  asservie  aont 
1 ' inolinaison  du  rotor  par  rapport  A la  vertioale 
et  lea  oomposantes  du  pas  oyolique  A savoir 
le  pas  gdneral,  le  pas  latdral  et  le  pas 
longitudinal.  La  vitesse  de  rotation  du  rotor  ne 
fait  pas  pour  le  moment  l'obiet  d'un  asaervisiemant 
la  conversion  se  fait  A vitesse  constants. 

5.3.  pesonptlon  de  la  ohaine  da  mesure 
(planohe  "^7 

La  ohaine  de  mesure  oomporte  deux  postes 
independants.  Le  premier  posts  correspond  a la 
ohaine  normals  de  surveillance  et  a' acquisition 
da  la  soufflerie  SIVA,  le  deuxiAne  posts 
correspond  A la  ohaine  d ' assarvissement . 

La  separation  des  deux  fonotions, 
acquisition  go nC rale  et  assarvissement,  qui  par 
nature  peuvent  Stre  realisdes  dans  le  ngme 
ordinateux,  est  lies  a un  souoi  de  adouritd  ainsi 
qu'A  des  problAmes  d' enoorabrement  mAmoire  des 
programmes  de  gestion. 

Le  poste  d' assarvissement  oomprend  un 
ordinatsur  HF  2100  nanti  des  periphAriques 
d'acoAs  classique,  un  ensemble  de  multiplexage  et 
de  conversion  des  meaures  et  quatre  sorties  de 
oonsignes  d ' asservissenent . 


% -•  ’■ 

PI.  9 - Essei  tie  convertible  • CheTne  de  mesure 


5.4.  Principe  de  1 1 a3aorvi ssenent  (planohe'  . 

I^s  courbes  de  correspondence  entre  la 
vitesse  du  vent  et  ohacun  des  {.aramAtres  asaervie 
sont  fournies  A l'ordlnateur  sous  forme  d'une  loi 
linAaire  pour  une  vitesse  infArieure  A 30  m/s, 
d ' uns  oourbs  dAfinie  point  par  point  pour  une 
vitesss  oomprise  entre  30  m 'a  et  70  m '8  et  A 
nouveau  d'une  lol  linAaire  pour  une  vitesse 
supArieure  A 70  m s. 

L' ensemble  multiplexeur-oonvsrtisseur 
permet  l'aoquiaition  des  valeure  To,  Pi  et  71  A 
paxtir  desquelles  est  oaloulAo  la  vitesse  du  vent 
qui  donnera,  oompte  tenu  dee  loie  dAfiniee,  lee 
valeure  de  oonsignes  A snvoyer,  par  1' intermArtiaire 


f 


a jA 


Pt  8 Rotor  de  convertible  Simulation  de  conversion. 
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d'un  oonvertiseeur  numdrlque/analogique  aur  laa 
vaults  d'assarviesement  qui  acnt  oommandda  an 
tanaion. 


PI.  10  - Essai  de  convertible  - Consignes  d'asservissement. 


5.5.  Fonotlonnsmsnt  gdndral  de  la  ohatne . 

1/  ordiaataur  de  gestion  de  la  ohalne 
d ' acquisition  et  l'ordlnateur  d'asservissement 
aont  Independants. 

La  programme  d' asservleaemant  fonctiorxie 
en  suiveur.  II  ast  lanoe  au  ddbut  de  l'eeaal  et 
envole  dee  oonslgnes  & l'extdrieur  environ  quinze 
foie  par  aeoonda  pendant  touta  la  durde  da  la 
rotation. 

La  programme  de  gestion  d' aoquiaition 
est  lanod  par  l'opdrateur  au  ddbut  da  ohaque 
oonveraion.  Las  masures  aont  aoqulses  k un 
rythme  rdgulier  an  asynohroniame  oomplat  aveo  las 
consignes  de  position  et  sout  envoydes  sur  une 
unitd  de  bande  magndtique  at  vers  l'ordlnateur 
oentral  ou  alias  subiront  las  traitementa 
damandes  par  1' essai.  Lea  informations  dlabordes, 
par  example  las  trajeotoirea  rdalles  de  ohaoun 
des  paramdtras  roton  seront  restitudes  sur  le 
-athosoope  relid  11' ordlnateur  oentral. 

Le  programme  de  surveillance  fonoticnne 
en  permanenoe  aveo  une  rdourrenoa  de  l'ordre  da  2 
seoondes  et  oaloule  la  Vitesse  du  vent,  le 
param&tre  d 1 avanoement , les  informations  de  pas 
et  les  efforts  enoaissds  par  le  montage.  Cas 
valours  sont  affiohdea  sur  des  visualisations 
numdriques  afin  d'etre  disponibles  k tout  moment 
pour  contr31er  le  bon  deroulemant  de  1' essai. 

5.6.  Essai  de  quallfloatlon. 

L' ensemble  du  dispositif  a dtd  mis  au 
point  en  juillet  75.  Une  premiers  vdrifioation  de 
la  chalne  a dtd  faite  en  simulant  les  signaux  Po, 
Pi,  Ti  dono  la  Vitesse  du  vent  et  en  envoyant  les 
oonslgnes  analogiques  sur  un  enregistreur 
graphique  pour  vdrifier  la  validitd  des  oommandes. 
Une  deuxidme  simulation  plus  oompldte  a dtd 
realises  aveo  un  rotor  sans  pales,  la  soufflerie 
dtant  an  marohe  et  les  paramdtres  de  position 
etant  asservis  dans  las  conditions  rdelles  de 
l'e3sai.  Ces  deux  simulations  ont  prouvd  le  bon 
f onotionnement  de  l'ensemble. 

L' essai  rdel  du  convertible  dtudid  par 
la  3NIAS  aura  lieu  proohainemant  dans  la 
soufflerie  SU1A  de  l'OMERA. 

6 - DISPOSITIF  DE  PESES  D'SNOIN  SOUS  AVION. 


6.1.  Pose  da  probldma. 

Ca  dispoaitlf,  dtudid  par  l'ONERA,  ast 
daatind  k la  simulation  des  trajeotoirea  d' engine 
larguda  par  un  avion  porteur. 


La  adthoda  utillade  Jusqu'd  prdsant 
pour  dtudlar  laa  interactions  adrodynamiquee  ants 
un  angin  at  aon  porteur,  dita  "mdthoda  de  la 
grille",  oonaista  d explorer  ayatdmatlquamant  par 
ddplacaaenta  auooassifa  auivant  deux  axaa  la 
ohamp  adrodynamiqua  entourant  1' avion  | la 
trajaotoira  da  1' angin  ast  ansuita  ddduita  daa 
mesurea  obtenuae  par  oatta  exploration  da  ohamp 
adrodynamiqua  at  daa  lois  rdgissant  le  mouvamant 
da  oat  eng in. 

Catta  exploration  ayatdmatiqua  ast 
longue  at  ooQteuse,  la  nombre  da  polnta  de 
mesuras  aoquls  dtant  trda  grand  par  rapport  au 
aombre  da  points  utiles,  oa  qui  a amend  1 ' ONES A , 
vu  l'intdrdt  montrd  par  las  oonatruotaurs  pour 
oa  type  d'essai,  d dtudlar  un  dispoaitlf 
automatique  da  restitution  da  trajaotoira  par 
asaervissament  an  position  d'un  angin  par 
rapport  d un  avion  porteur,  la  trajaotoira  dtant 
oaloulde  au  fur  at  d masura  oompta  tanu  daa 
efforts  uesurds  at  da  l'dquilibra  de  1' angin, 

6.2.  Dasorlptlon  du  dispoaitlf  (planche  1l). 

La  dispositif  mdoanique  oonaista  an 
une  glia sidra  permettant  da  almular  la  ddplaoerient 
longitudinal  de  l'engin  d laqualla  ast  aooroohd 
un  bras  mobile,  artiould  suivant  deux  axes 
perpendioulaires,  lui-m8ma  aooroohd  d ur  dquipaga 
mobile  par  deux  artioulatlona  perpendioulaires. 

Le  dernier  dquipaga  mobile,  auqual  sat  fixd 
l'engin,  possdde  un  mouvamant  da  rotation  an 
roulis.  L' ensemble  possdde  dono  aix  degrds  da 
libertd,  soit  une  translation,  deux  mouvamant  a da 
t engage , deux  mouvemants  da  laoat  at  un  mouvamant 
de  roulis. 

Las  aix  mouvemants  aont  motorlsds  at 
ohaque  position  ast  gdomdtrlquemamt  oonnue  par  un 
oodaur  numdriqua  assooid. 


PI.  1 1 — Dispositif  pour  I'^tude  de  la  trajectoire  en  presence  de  /'avion. 


6.3.  Type  d' aaasrvlssement . 

L' asaervissament  eat  fait  par  valsur  de 
oonslgne.  Laa  oonslgnes  aont  fournies  numdrlQmnent 
d une  loglqua  do  pilotage  assooida  d six  modules 
de  puissanoe,  ohaque  mouvament  dtant  distingud 
par  un  systdma  d'adressaga. 

6.4.  Dasorlptlon  de  la  ohaina  de  masura 
(planoho  1*?). 

La  ohaina  de  masura  oomprend,  outre  las 
pdriphdriquea  standards,  une  loglqua  da  commands 
adressablo  pour  rdalisar  les  oonslgnes 
d'asservissemant  at  uns  loglqua  de  leoture, 
adressablo  dgalamant,  des  dtats  das  diversas 
motorlsationa  (oodaurs  da  position). 

6.6.  Prlnolns  de  1' essai. 

L' essai  pout  as  ddroular  suivant  deux 
nodas  distinots,  la  mode  "grille"  at  la  mods 
"trajaotoira" . 


I 


’ 


Bn  soda  grill#  la  position  da  depart 
oat  dbfinie  par  la  responsable  d'aasai  at 
1 ' ordinataor  aotlonna  la  dispoaitif  da  tranalation 
pour  avanoer  d'un  pas  oonstant  k ohaque  foia. 

Sana  oa  oas,  outra  la  responsabilltb  da 
1 ' enohatnemant  das  aotiocs  tronelation/acxnisition, 
l'ordinataur  doit  tanir  oompta  das  of forts 
enoaissbs  par  la  montage  at  oorriger  las  autras 
parambtres  do  position  oompta  tanu  das 
deformations. 

Bn  mods  trajaotoira  la  f onoti onramant 
da  l'ordinataur  ast  entibrement  autonoma  k partir 
du  momant  oik  il  lui  ast  demandb  da  rbaliaer  la 
trajaotoira.  La  position  d'oaport  ainai  qua  laa 
impulsions  da  depart  (pousabea  axial as,  poussbss 
longitudinalas)  ou  Ids  oonditions  initialaa 
(''itasse  at  aooblbration)  sont  oonnuos  j la  auita 
da  la  trajaotoira  ast  dbtarminbo  pas  k pas  par 
l'ordinataur  qui  tiant  oompta  da  la  position 
aotuells,  das  sffartb  anoaissbs  par  l'engin,  das 
equations  da  la  mboaniqua  du  vol  at  das 
deformations  du  montaga  poui-  determiner  la 
position  oomplbte  da  l'angin  au  point  suivant, 
deux  points  btant  oonvantionnellamsnt  sbparbs  pur 
un  intarvalla  da  tamps  oonstant. 

La  trajaotoira  ast  explore#  oomplbtoment 
par  l'ordinataur  qui  enohafna  automat iquamant  lea 
oalouls  da  positions,  las  ordres  d' asservisaemant, 
1 ' acquisition  das  assures,  l'affiohage  das 
parambtres  da  position,  la  stookage  at  la 
transfort  das  assures  vers  l'ordinataur  o antral 
at  qui  an  fin  da  trajaotoira  sa  prepare  k axboutar 
la  trajaotoira  suivante  oompta  tanu  das  nouvallas 
cor. signs 3 da  depart . 


6.6.  Basal 


justification. 


L'assai  da  qualification  du  dispoaltif 
at  das  operations  aasooibas  aura  lieu  dans  la 
souff laris  32MA  da  l'OKERA  dans  la  oourant  du 
dernier  tnmestre  1976. 


7 - C0RCLU3I0N. 


Da puls  la  realisation  an  1973  du 
premier  dispoaltif  automatique  da  oonduite  d'una 
rafale  par  un  ordinateur,  la  r81a  dbvolu  k 
l’ordinataur  n'a  oossb  d'augmantar. 

La  realisation  d'un  sssai,  la  miss  an 
service  d'un  nouveau  posts  d'essai  ou  la 
rbnovatlon  d'un  autra  posts  na  aa  oongolt  plus 
sans  l'alda  d'un  ordinateur  dont  la  aouplaasa 
d' adaptation  at  d'emplol  oat  un  faotaur 
determinant. 
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Aotuellemant,  au  aeul  Centra  da  Modane 
do  1' ONERA,  at  an  aua  das  dlspositifs  qui  ont 
fait  l'objat  do  ootta  description,  pluaiaurs 
prooossua  beads  sur  l'amploi  d'un  ordinateur  sont 
an  oours  da  realisation  parmi  lasquals  • 

- Una  ohalne  d' acquisition  pour  un  banc  da 
dynalpie  pour  laqual  la  taux  d'automatisation 
sera  au  moins  bgal  k oelui  du  prooassus  Courant 
PUn. 

- Una  ohalna  destine#  k gbrer  un  dispositif 
da  simulation  da  dboollaga  at  attarrissage  oourt 
qui  equipera  proohainamant  la  souff lari#  SIMA. 

- Una  ohalna  dartinba  k la  realisation  d'un 
assai  d'ontrbe  d'air  en  instationnaira  pour 
laqual  las  oadttioea  d'aoquisition  at  la  volume 
d' informations  il  stooker  nboassltaut  l'amploi 
d'un  ordinateur  at  d'un  disque  assooib. 

D' autras  realisations  da  oa  genre 
verront  oartainamant  anoora  la  jour  dana  las 
annbas  qui  vlennant  il  moins,  bvidommant,  d'una 
revolution  dans  la  teohnologie  das  assais  ou  das 
materials. 


APPLICATIONS  OF  THE  REAL-TIME  DATA  ANALYSIS  SYSTEM 
IN  THE  AMES  40-  BY  80- FOOT  WIND  TUNNEL 

Mark  W.  Kelly,*  Stanley  0.  Dickinson,**  and  Everett  E.  Maynard1- 
Ames  Research  Center,  NASA,  Moffett  Field,  California  94035,  U.S.A. 


SUMMARY 

The  first  major  overhaul  and  refurbishment  of  the  Ames  40-  by  80-Foot  Wind  Tunnel  since  It  was  put 
Into  operation  In  1944  has  recently  been  completed.  A substantial  part  of  this  refurbishment  was  devoted 
to  providing  this  wind  tunnel  with  a modern  real-time  data  acquisition  and  analysis  system  to  Increase  the 
safety,  efficiency,  and  accuracy  of  experimental  Investigations  In  this  facility. 

This  paper  summarizes  the  background  leading  to  the  requirements  for  the  new  system,  describes  the 
major  elements  of  the  system,  and  discusses  some  of  the  applications  of  the  system.  The  concluding 
section  of  the  paper  discusses  the  potential  of  computerized  data  acquisition  systems  for  wind  tunnels 
In  terms  of  long-term  trends  In  hardware  and  software  costs,  and  the  constraints  which  must  be  dealt  with 
to  achieve  the  full  potently  of  computerized  data  acquisition  systems. 


1 . BACKGROUND 

Figure  1 shows  some  typical  test  Installations  In  the  40-  by  80-font  wind  tunnel  and  is  presented 
to  Illustrate  some  of  the  general  test  requirements  that  Influenced  the  design  of  the  new  data  acquisition 
system.  For  tests  of  conventional  aircraft  or  wind-tunnel  models,  conventional  wind-tunnel  data  processing 
ordinarily  Is  sufficient,  although  the  efficiency  and  quality  of  the  test  Is,  of  course,  directly  related 
to  the  timely  availability  of  test  results  to  guide  the  Investigation.  However,  the  need  to  test  experi- 
mental VT0L  aircraft  (such  as  the  XV-5B)  with  their  propulsion  systems  operating  In  the  wind  tunnel,  places 
a severe  constraint  on  the  wind-tunnel  test  time,  since  the  aircraft  and  propulsion  system  hardware 
generally  have  a limited  life,  or  at  least  limited  time  between  major  overhauls.  This  means  that,  to 
obtain  the  essential  data  with  a minimum  of  operating  time  on  the  test  hardware,  the  wind-tunnel  test 
must  be  closely  controlled;  on-line  data  analysis  Is  essential  to  achieve  this.  In  the  case  of  wind-tunnel 
tests  of  full-scale  experimental  rotor  systems,  the  time  constraints  are  generally  even  more  severe 
because  of  limited  life  of  the  test  hardware.  In  addition,  the  possibility  of  encountering  catastrophic 
dynamic  Instabilities  In  the  rotor  system  provides  unique  requirements  for  on-line  data  analysis,  and  Is 
discussed  more  completely  In  a later  section  of  this  paper. 

Figure  2 Illustrates  the  primary  data  acquisition  systems  utilized  In  the  40-  by  80-foot  wind  tunnel 
prior  to  the  Installation  of  the  new  system.  The  mechanical  scale  system  shown  on  the  left  is  still  the 
heart  of  the  force  and  moment  measuring  subsystem  In  the  new  system,  because  more  modern  devices  with  a 
superior  combination  of  accuracy  and  capacity  were  unavailable.  The  multitube  manometer  beard  shown  at  the 
right  of  this  figure  was  the  primary  means  of  measuring  pressures.  As  summarized  on  this  figure,  both 
the  mechanical  scales  and  the  manometer  boards  provided  measuring  systems  that  were  simple  and  highly 
reliable.  Also,  they  were  almost  fool-proof  In  use,  with  malfunctions  announced  by  a mechanical  fouling 
alarm  for  the  scales,  and  by  air  bubbles  In  the  manometer  tubes  or  puddles  on  the  floor  for  the  manometer 
boards.  Thus,  they  were  almost  Ideal  systems  for  the  rapid  and  reliable  acquisition  of  vast  quantities 
of  raw  data.  The  sole  disadvantage  was  the  exorbitant  time  required  to  calculate  meaningful  engineering 
parameters  from  the  raw  data.  For  example,  to  obtain  one  set  of  six-component  aerodynamic  coefficients 
from  the  raw  force  data  for  one  test  condition  requires  156  arithmetic  operations.  For  pressure  distribution 
Investigations,  which  often  require  about  500  channels  of  pressure  data,  the  computational  work  load  was 
even  worse  than  for  the  force  and  moment  computations.  Thus,  the  time  lag  In  getting  meaningful  test 
data  back  to  the  test  engineer  meant  that  he  was  forced  to  run  the  test  blind.  This  ordinarily  resulted 
In  a matrix  approach  to  the  selection  of  the  test  conditions,  which  meant  that  considerably  more  data  were 
taken  than  actually  needed  to  assure  that  the  critical  conditions  were  adequately  covered.  The  number- 
crunching power  of  the  digital  computer  was  obviously  the  answer  to  these  problems. 


2.  DESCRIPTION  OF  THE  NEW  DATA  ANALYSIS  SYSTEM 

The  overall  objectives  used  In  formulating  the  design  requirements  for  the  new  data  system  are 
summarized  on  Fig.  3,  as  follows:  (a)  to  Increase  test  efficiency  by  providing  rapid  access  to  test 

results  In  meaningful  engineering  parameters;  (b)  to  Improve  test  safety  by  providing  highly  visible 
monitoring  and/or  alarms  to  Identify  the  proximity  of  critical  test  conditions  or  test  limits,  and  to 
provide  on-line  assessment  of  helicopter  rotor  dynamic  stability;  and  (c)  to  reduce  the  test  time  for 
limited-life  experimental  hardware. 

The  Interpretation  of  the  preceding  objectives  In  terms  of  the  design  requirements  for  the  new  data 
acquisition  system  Is  sumnarlzed  on  Fig.  4.  To  aid  the  test  engineer  In  establishing  the  desired  test 
conditions,  the  force  and  moment  measuring  subsystem  was  required  to  continuously  compute  and  display 
critical  test  parameters  (such  as  drag  and  moment  trim).  The  steady-state  pressure  and  temperature  subsystem 
was  required  to  provide  on-line  calculation  and  to  display  selected  channels  as  needed  to  conduct  the  test. 
The  dynamic  loads  subsystem  was  required  to  provide  on-line  monitoring  of  numerous  channels.  Including 
test-limit  alarm  provisions.  The  rotor  dynamic  stability  and  flutter  subsystem  was  required  to  provide  an 
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on-line  assessment  of  the  damping  of  critical  modes.  All  subsystems  were  required  to  record  the  appropriate 
data  In  convenient  form  for  off-line  processing. 

The  design  constraints  used  to  configure  the  new  data  acquisition  system  are  summarized  on  Fig.  5. 

A major  consideration  was  that  the  system  should  be  easy  to  operate  so  that  the  test  engineer  could 
concentrate  on  the  test  results  rather  than  on  the  operation  of  the  system.  This  meant  that  the  system 
must  forgive  minor  setup  errors,  and  that  It  must  coirmunlcate  meaningful  diagnostic  Information  to  the  user 
when  problems  occurred.  It  must  forgive  minor  mistakes  on  the  part  of  the  operator,  and  only  terminate 
operation  when  the  Integrity  of  the  data  Is  threatened.  The  other  major  constraint  was  that  the  system 
should  be  configured  so  that  failure  of  any  subsystem  would  not  Inactivate  the  entire  system,  but,  rather, 
would  only  temporarily  degrade  the  on-line  analysis  and  data  turnaround  capability  of  the  system. 

Figure  6 Is  a block  diagram  of  the  data  acquisition  system  designed  around  the  requirements  and 
constraints  just  described.  As  may  be  observed  from  th,  s block  diagram,  the  data  acquisition  system  Is 
comprised  of  several  special-purpose  subsystems,  all  i f which  are  Interconnected  to  a master  computer.  The 
output  of  the  master  computer  feeds  monitoring  Information  to  the  operator's  console,  or  to  various 
peripheral  equipment  which  provide  plots  and  tabulation  of  the  data,  or  storage  on  digital  magnetic  tape 
for  off-line  processing.  Provision  Is  also  made  for  the  master  computer  to  coirmunlcate  with  the  Ames 
Research  Center's  central  computer  facility.  The  following  paragraphs  summarize  the  overall  features  of  the 
main  elements  of  the  data  acquisition  system  from  an  operational  viewpoint.  Additional  information  regard- 
ing the  detailed  characteristics  of  this  system,  as  well  as  those  of  each  of  the  subsystems,  may  be  found 
In  Ref.  1. 

The  operator's  console  Is  the  central  control  nolnt  for  conducting  a test.  When  the  system  Is  In  the 
monitoring  mode,  critical  test  parameters  are  comp.ced  and  displayed  continuously  to  assist  In  directing 
the  test.  Also,  raw  scale  data  and  other  Information  Is  provided  to  determine  the  health  and/or  state  of 
the  various  subsystems.  When  the  desired  test  conditions  are  met,  the  console  operator  presses  a "record" 
button,  at  which  time  the  master  computer  switches  from  the  monitoring  mode  to  the  record  mode  and  Issues 
appropriate  Instructions  to  the  various  subsystems.  When  all  subsystems  have  finished  their  recording 
cycle,  the  master  computer  directs  the  subsystems  to  resume  the  monitoring  mode,  and  notifies  the  operator's 
console  that  the  recording  cycle  has  been  completed. 

The  static  force  subsystem  consists  of  the  wind  tunnel's  original  mechanical  scale  system,  which  Is 
equipped  with  optical  analog-to-dlgltal  converters  to  transmit  data  to  both  the  operator's  console  and  the 
master  computer  for  real-time  processing.  This  subsystem  also  records  raw  data  on  punched  cards  and  paper 
tape  for  backup. 

The  special  Instruments  subsystem  provides  digitized  data  to  the  master  computer  regarding  wind- 
tunnel  operating  conditions,  (1 .e. , angle  of  attack  and  angle  of  yaw),  propulsion  system  conditions 
(l.e.,  engine  or  rotor  rotational  speed  and  nozzle  total  pressure)  as  required  to  provide  on-line  calcula- 
tion of  parameters  for  test  monitoring. 

The  static-pressure  subsystem  can  accept  low-level  signals  on  each  of  10  channels  which  are 
comnutated  by  a 48-posltlon  stepping  switch.  Thus,  this  subsystem  can  record  a total  of  480  channels  of 
steady-state  data.  This  subsystem  transmits  digital  data  to  the  master  computer  once  per  record  session 
and  records  the  raw  data  on  punched  cards  as  a backup. 

The  signal  conditioning  subsystem  Is  used  to  condition  dynamic  signals  for  acquisition  by  the  analog 
tape  recorder,  the  time  series  analyzer,  the  raw  data  displays,  and/or  the  master  computer.  The  analog 
tape  recorder  Is  operated  continuously  as  a backup  unit  on  all  hazardous  tests. 

The  time  series  analyzer  provides  for  quick  analysis  and  display  of  the  dynamic  characteristics  of 
the  test  article.  It  provides  the  capability  to  do  complex  dynamic  stability  calculations  In  near  real 
time,  so  that  potentially  unstable  operating  conditions  can  be  Identified  and  avoided.  The  results  of 
these  calculations  may  be  displayed  Immediately  on  a cathode  ray  tube,  an  X-Y  plotter,  or  a printer. 

At  this  point.  It  might  be  noted  that  many  of  the  subsystems  can  operate  either  under  the  control  of 
the  master  computer  or  In  a stand-alone  mode.  This  flexibility  of  operation  provides  much  of  the  fail 
gracefully  requirement  demanded  of  the  system.  The  manner  In  which  the  master  computer  controls  the 
various  subsystems  Is  determined  by  the  system  software,  which  can  be  arranged  to  meet  the  requirements  of 
each  test.  The  system  software  has  three  primary  modes:  setup,  record,  and  monitor.  During  the  setup 

mode,  the  software  specifies  the  characteristics  of  the  system,  verifies  the  operation  of  the  system,  and 
verifies  that  the  data  received  from  the  various  subsystems  are  within  tolerance.  Following  completion 
of  the  system  setup,  the  test  Is  begun,  and  the  system  software  operates  In  either  the  monitor  or  the 
record  mode,  as  shown  on  Fig.  7.  In  the  monitor  mode,  the  software  updates  the  data  from  the  scale  system 
and  the  special  Instrumentation  system  every  1.25  seconds  and  provides  the  test  engineer  with  computed 
engineering  parameters  on  the  lamp-bank  display.  (At  the  same  time,  the  computer  Is  permitted  to  process, 
tabulate,  and  plot  the  data  obtained  In  the  previous  record  mode.)  When  the  test  engineer  Is  ready  to 
record  the  next  data  point,  he  Initiates  the  record  mode  of  operation.  This  comnand  brings  In  the  record 
software  and  locks  out  the  monitor  mode.  The  record  software  provides  a number  of  functions.  Including 
verification  that  the  required  subsystems  are  on  line,  checking  the  calibration  of  various  data  channels, 
writing  the  data  Into  the  computer  core  (or  onto  disk  or  magnetic  tape  storage),  and  Informing  the  test 
engineer  when  the  recording  Is  completed.  The  record  mode  software  also  prints  error  messages  If  any  of 
the  subsystems  fall  to  perform  as  anticipated. 

Figures  8,  9,  and  10  show  various  components  of  the  data  acquisition  system  as  installed  In  the  40-  by 
80-foot  wind  tunnel  control  room.  Figure  8 shows  the  operator's  control  console.  The  lamp-bank  displays 
In  the  center  of  the  panel  are  utilized  to  display  final  computed  data  transmitted  from  the  computer.  The 
lamp  banks  on  the  right  side  of  the  panel  are  used  to  display  raw  scale  data  to  assure  the  health  of  the 
scale  subsystem.  The  two  TV  monitors  directly  above  the  console  are  used  to  provide  visual  monitoring 
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of  the  test  article.  Figure  9 shows  the  dynamic  loads  monitoring  console.  The  large  cathode  ray  tube 
at  the  upper  left  of  the  panel  displays  eight  simultaneous  time  histories  of  critical  loads  and  dynamic 
Information.  The  direct-writing  oscillograph  at  the  lower  right  of  the  panel  records  up  to  36  channels 
of  dynamic  information  for  both  on-line  monitoring  and  as  a data  backup.  The  cathode  ray  tube  directly 
above  the  oscillograph  provides  for  a bar-chart  display  of  peak-to-peak  dynamic  loads  for  easy  monitor- 
ing of  critical  stress.  This  bar-chart  display  is  also  equipped  with  an  alarm  system  to  insure  that 
test  limits  are  not  Inadvertently  exceeded.  cigure  10  shows  the  time  series  analyzer  used  for  performing 
on-line  dynamic  stability  calculations.  On-line  displays  of  system  transfer  functions,  Fourier  transforms, 
etc.,  are  provided  on  the  small  cathode  ray  tube  at  the  center  right  of  the  panel.  The  time  series  analyzer 
also  provides  for  hard  copy  output  via  the  X-Y  plotter,  shown  just  above  the  cathode  ray  tube,  and  the 
typewriter  terminal  at  the  lower  left  of  this  picture. 


As  previously  stated,  a design  constraint  for  the  new  system  was  that  no  single  failure  would  cause 
a test  to  be  terminated.  This  requirement  has  been  met  in  various  ways  for  the  various  subsystems.  An 
example  of  the  performance  of  the  force  data  acquisition  subsystem  with  various  failures  Is  provided  on 
Fig.  11.  When  all  components  of  the  force  data  subsystem  are  operational,  the  time  to  obtain  final  computed 
data  Is  essentially  zero.  If  the  real-time  subsystem  becomes  Inoperative,  force  data  can  still  be  computed 
through  the  master  computer  by  manually  feeding  the  backup  punched  cards  Into  the  computer  with  about  a 
1 minute  turnaround.  For  most  purposes,  this  Is  essentially  on-line.  If  the  Master  Computer  becomes 
Inoperative,  force  data  can  still  be  computed  within  15  minutes  to  8 hours  after  completion  of  a run, 
depending  upon  the  priority  placed  on  the  Information  relative  to  other  demands  on  the  Ames  Research  Center's 
central  computer  facilities.  If  the  scale  system  analog-to-dlgital  converters  become  Inoperative,  the  data 
are  still  not  lost,  because  they  are  printed  on  the  paper  tapes  at  the  scale  heads.  However,  it  will  now 
require  approximately  8 hours  for  calculation  of  six-component  force  data..  Of  course,  when  the  balance 
Itself  becomes  Inoperative,  no  valid  data  are  obtained,  and  the  run  must  be  terminated. 


3.  APPLICATIONS 


The  advantages  of  real-time  data  analysis  for  wind-tunnel  tests  of  conventional  aircraft  are  summarized 
on  Fig.  12.  First,  real-time  data  analysis  provides  maximum  Information  to  the  test  engineer  In  a timely 
fashion  so  that  (a)  an  unexpected  result  can  be  checked  Immediately,  and  (b)  test  parameter  increments 
can  be  adjusted  to  fit  the  need.  This  means  that  the  number  of  data  points  required  to  meet  the  test 
objectives  Is  minimized.  Another  advantage  of  real-time  data  analysis  is  that  It  provides  the  ability  to 
assess  the  adequacy  of  the  data  In  terms  of  meaningful  statistical  parameters.  An  example  of  this  Is  dis- 
cussed later  In  connection  with  rotor  dynamics  testing. 

As  mentioned  previously,  in  the  absence  of  real-time  data,  It  Is  often  necessary  to  resort  to  a matrix 
approach  to  Insure  adequate  covering  of  all  the  test  parameters.  This  often  results  In  more  data  being 
obtained  than  are  actually  required  to  meet  the  minimum  test  objectives.  An  example  of  this  Is  Illustrated 
on  Fig.  13  (from  Ref.  2)  which  shows  a plot  of  rotor  lift  coefficient  as  a function  of  rotor  longitudinal 
force  coefficient  obtained  for  a typical  helicopter  rotor  test.  The  Information  of  primary  interest  Is 

associated  with  trimmed  1-G  level  flight  and  Is  indicated  by  the  target  at  zero  Cvn/  and  a value  of  Cin( 

R/ o K/ o 

of  about  0.07.  In  the  absence  of  on-line  data,  it  would  be  necessary  to  run  collective  pitch  sweeps  for 
at  least  three  values  of  angle  of  attack  (in  this  example,  collective  pitch  sweeps  were  run  at  five  angles 
of  attack).  With  real-time  data  available  to  the  test  engineer,  it  is  possible  to  set  directly  the  left 
coefficient  and  longitudinal  force  coefficient  values  for  1-G  level  flight  and  to  then  make  collective 
pitch  sweeps,  angle-of-attack  sweeps,  and  control  sweeps,  as  required  to  establish  the  appropriate  stability 
and  control  derivatives.  It  Is  obvious  that  this  will  result  In  considerably  less  test  time.  Furthermore, 
the  Interpretation  of  the  wind-tunnel  test  results  in  terms  of  the  flight  vehicle  are  more  direct  and  are 
achieved  with  a minimum  of  time-consuming  cross-plotting  of  wind-tunnel  data. 
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As  mentioned  previously,  one  of  the  prime  requirements  for  on-line  data  processing  is  In  connection 
with  the  assessment  of  rotor  dynamic  stability.  The  method  used  prior  to  the  acquisition  of  the  new 
dynamic  analysis  system  Is  Indicated  on  Fig.  14.  The  rotor  system  under  test  was  excited  by  means  of  a 
shaker  vane  or  rotor  cyclic  pitch  to  Induce  a steady-state  excitation  at  the  desired  frequency.  At  the 
appropriate  time,  the  excitation  was  turned  off,  and  the  decay  of  the  resulting  motion  was  recorded.  The 
instrumentation  normally  used  was  a direct-writing  oscillograph,  and  the  data  reduction  was  done  manually. 

This  method  had  two  general  shortcomings.  First,  the  accuracy  of  the  damping  assessment  was  poor,  which 
had  serious  Implications  with  regard  to  test  safety.  Second,  the  method  was  extremely  time  consuming  for 
complex  dynamics  systems,  since  It  required  excitation  at  the  natural  frequency  of  each  Important  mode  of 
the  system.  An  example  of  the  difficulty  In  obtaining  accurate  rotor  dynamic  stability  assessments  from 
the  transient  decay  method  Is  Illustrated  In  Fig.  15  (from  Ref.  3)  which  presents  the  results  of  experiments 
made  to  establish  the  dynamic  stability  of  an  experimental  tilt  rotor  system.  As  shown  here,  the  accuracy 
of  the  stability  assessment  left  much  to  be  desired,  particularly  when  it  Is  recognized  that  the  consequences 
of  negative  damping  could  be  catastrophic  failure  of  full-scale  test  hardware  or  the  loss  of  a multimillion 
dollar  aircraft.  One  fundamental  factor  Involved  In  the  poor  accuracy  Illustrated  here  is  that  the  transient 
decay  method  does  not  provide  any  mechanism  to  average  out  extraneous  noise  Inputs  from  either  wind-tunnel 
turbulence,  extraneous  mechanical  excitation,  or  Instrumentation  noise. 

With  the  new  data  analysis  system,  the  rotor  dynamics  tests  may  be  conducted  In  a steady-state  fashion, 
as  Illustrated  on  Fig.  16.  The  left-hand  side  of  this  figure  Illustrates  the  procedure  for  an  Ideal  situa- 
tion, that  Is,  with  no  Instrumentation  errors  and  no  turbulence.  The  dynamic  system,  H,  Is  excited  by  a 
measured  Input,  w,  and  the  response,  x,  is  measured  The  transfer  function,  H,  Is  determined  as  the  ratio 
of  the  Fourier  transform  of  the  output  divided  by  the  Fourier  transform  of  the  Input.  This  calculation  and 
a graphical  plot  of  the  transfer  function  can  be  displayed  In  real-time  by  the  time  series  analyzer.  Further- 
more, the  damping  ratio  of  the  critical  mode  can  be  determined  from  the  shape  of  the  transfer  function,  as 
indicated  by  the  equation  at  the  lower  left  of  this  figure;  this  can  also  be  determined  on-line.  The 
time  required  to  obtain  the  transfer  function  is  minimized  If  the  Input  signal,  w.  Is  broad-band  pseudo 
random  (that  Is,  If  It  has  a flat  frequency  response  over  the  range  of  frequencies  of  interest).  This 
avoids  the  necessity  of  making  time-consuming  tests  at  a number  of  discrete  frequencies  of  Input  signal. 
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The  real  advantage  of  the  forced-response  transfer  function  analysis  for  determining  rotor  damping 
Is  more  apparent  when  consideration  Is  given  to  the  presence  of  noise  and  turbulence  In  the  Input  and  output 
signals.  This  situation  Is  Illustrated  on  the  right-hand  side  of  Fig.  16.  As  shown  here,  the  measured 
Input,  z.  Includes  the  desired  Input,  w,  an  unknown  Input-  u (due,  for  example,  to  aerodynamic  turbulence), 
and  Instrumentation  noise,  vj.  Similarly,  the  measured  output,  y.  Is  the  sum  of  the  output  due  to  the 
measured  Input,  w,  the  output  doe  to  the  unknown  Input,  u,  and  the  unknown  noise,  v0.  In  the  output  measure- 
ment In  this  situation,  the  transfer  function  of  the  system,  H*.  Is  estimated  by  the  ratio  of  the  Input- 
output  cross-spectrum,  SZy,  and  the  Input  auto  spectrum,  Sz,  which  are.  In  turn,  estimated  by  taking  the 
ensemble  average  of  the  spectra  over  any  desired  number  of  samples.  As  show)  here,  the  error  In  the 
determination  of  the  cross-spectra  and  the  auto-spectra  Is  Inversely  proportional  to  the  number  of  averages 
taken,  which  Is,  of  course,  under  the  control  of  the  experimenter.  Also,  the  error  In  the  estimate  of  the 
transfer  function  can  be  assessed  by  computing  the  coherence  function,  Yzy,  which  establishes  the  degree  to 
which  the  measured  output,  y,  was  really  determined  by  the  measured  Input,  w.  All  of  these  calculations 
can  be  done  essentially  on-line  with  the  time  series  analyzer.  A typical  on-line  display  of  a transfer 
function  relating  In-plane  acceleration  at  the  rotor  hub  to  In-plane  force  Is  Illustrated  on  Fig.  17.  The 
picture  shown  Is  a direct  photograph  of  the  display  on  the  cathode  ray  tube.  The  responses  shown  at 
slightly  over  2 and  4 Hz  are  associated  with  the  coupled  response  of  the  rotor  test  module,  the  wind- 
tunnel  struts,  and  t.ie  balance  platform  to  horizontal  force,  and  could  be  of  possible  concern  relative  to 
rotor  ground-resonance  type  Instabilities.  The  response  at  high  frequencies  Is  not  of  concern  In  rotor 
stability  assessments  but,  of  course,  could  be  Important  relative  to  various  rotor  vibratory  modes. 

Additional  Information  relative  to  the  on-line  assessment  of  rotor  dynamic  stability  from  analysis 
of  the  system  transfer  function,  and  the  use  of  broad-band  pseudo-random  excitation  of  the  system  to 
obtain  the  transfer  function,  may  be  found  In  Ref.  4.  A discussion  of  the  effects  of  noise  on  the  accuracy 
of  the  system  transfer  function  and  damping  ratio  obtained  by  the  use  of  various  experimental  techniques 
and  analysis  methods  may  be  found  In  Ref.  5. 

The  power  of  the  computerized  data  analysis  system  In  Interpreting  dynamic  loads  information  Is 
Illustrated  on  Figs.  18  through  21.  For  comparison  purposes,  Fig.  18  shows  the  raw  data  from  a helicopter 
rotor  test  as  recorded  by  a direct-writing  oscillograph.  The  difficulty  in  reading  these  traces,  let  alone 
making  meaningful  Interpretations  of  their  meaning.  Is  obvious.  As  shown  on  Fig.  19,  tie  computer  makes 
It  possible  to  single  out  any  one  of  these  traces,  and  to  display  It  In  time  history  form.  More  importantly, 
as  shown  on  Fig.  20,  it  Is  possible  to  perform  a Fast  Fourier  Transform  on  this  time  history  and  to  display 
the  predominant  harmonics  In  the  signal  so  that  some  assessment  of  the  source  of  loads  can  be  made. 

An  example  of  the  usefulness  of  this  kind  of  Information  was  provided  during  full-scale  wind-tunnel 
tests  of  the  Controllable  Twist  Rotor.  During  these  tests,  It  was  noted  that  the  rotor  behaved  In  a 
progressively  more  erratic  fashion  as  the  wind-tunnel  test  speed  was  Increased,  showing  some  similarity 
to  a rotor  out-of-track  condition.  However,  the  rotor  was  checked  for  track  and  tracked  well  at  hover 
and  low  speeds.  Figure  21  shows  the  ratios  of  the  flap-wise  bending  moments  on  one  blade  divided  by  the 
corresponding  flap-wise  bending  moments  on  another  blade,  and  Rlt  R2,  R3,  and  R4  correspond  to  the  first, 
second,  third,  and  fourth  harmonics  of  these  bending  moments,  respectively.  As  indicated  by  the  Rj  values, 
the  rotor  was  in  reasonably  good  track  relative  to  once-per-rev  flap-wise  bending  loads.  However,  as 
Indicated  by  the  R , R,,  and  R,(  values,  there  were  significant  differences  In  the  higher  harmonic  dynamic 
response  of  the  two  blades.  Moreover,  the  accuracy  of  these  measurements,  as  Indicated  by  the  root-mean- 
square  variation  around  the  average  value  of  the  various  harmonics,  shows  that  the  dynamic  mismatch 
Indicated  Is  really  there,  and  is  not  due  to  Inaccuracies  In  the  measurement.  From  these  measurements.  It 
was  concluded  that  the  basic  problem  was  a dynamic  mismatch  of  the  blades,  which  resulted  In  dissimilar 
bending  response  In  the  higher  harmonic  modes. 


4.  TRENDS,  CONSTRAINTS,  AND  FUTURE  POTENTIAL 

As  Illustrated  by  the  preceding  examples  of  applications  of  computer  to  wind-tunnel  testing,  the 
availability  of  moderately-priced  small  computers  and  special-purpose  digital  processing  equipment  provides 
a high  potential  for  Improving  the  efficiency,  quality,  and  safety  of  wind-tunnel  testing.  However,  as 
with  all  new  developments,  a number  of  constraints  and  problems  must  be  recognized  and  dealt  with  In 
order  to  realize  the  full  potential  of  computerized  data  acquisition  systems.  The  following  paragraphs 
discuss  some  recent  trends  In  the  performance  and  costs  of  data  analysis  systems,  and  the  overall  Impact 
of  these  trends  on  wind-tunnel  testing. 

The  performance  and  cost  trends  of  data  analysis  system  hardware  are  summarized  on  Fig.  22  (from 
Ref.  6).  As  shown  on  the  left-hand  plot  of  this  figure,  the  ratio  of  the  cost  of  computer  hardware  to 
computing  power  (as  Indicated  by  the  number  of  channels  per  second  which  can  be  processed)  has  decreased 
dramatically  over  the  last  15  years.  As  a result,  Ames  Research  Center  has  Invested,  and  Is  continuing  to 
Invest  a considerable  amount  In  this  hardware,  as  Illustrated  In  the  central  plot  on  this  figure.  In 
addition,  as  shown  on  the  right-hand  plot  of  this  figure,  maintenance  costs  of  this  equipment  represent 
an  additional  significant  Investment.  While  not  shown  here,  the  project  costs  occasioned  by  malfunctioning 
data  systems  during  major  experimental  Investigations  can  be  considerable,  and  represent  a hidden 
"maintenance  cost"  over  and  above  that  shown  here.  The  conclusion  to  be  drawn  from  this  Is  that  considerably 
more  attention  must  be  paid  to  reliability  and  maintainability  of  data  system  hardware  If  the  full  potential 
of  this  equipment  Is  to  be  realized. 

Another  factor  which  constrains  the  realization  of  the  full  potential  of  computerized  data  analysis 
systems  Is  the  cost  of  software.  Figure  23  (from  Ref.  6)  summarizes  two  poln'  relative  to  software  and 
programming  costs.  First,  as  Illustrated  on  the  left  side  of  this  figure,  ti  cost  of  software  and 
programing  relative  to  system  hardware  costs  has  been  steadily  Increasing  over  the  last  20  years.  Second, 
as  Illustrated  on  the  right-hand  side  of  this  figure,  the  cost  of  programming  Is  related  to  the  degree  to 
which  the  central  processing  unit  and  memory  are  utilized.  As  the  utilization  of  memory  Increases  over 
about  70  percent  capacity,  the  cost  of  programming  begins  to  show  an  exponential  Increase.  A major 
difficulty  here  Is  that  many  of  the  software  and  programming  costs  are  difficult  to  assess  until  the  system 
Is  put  Into  operation,  while  the  hardware  costs  are  accurately  Identified  with  system  capacity  at  the  outset 
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of  the  procurement  cycle.  Thus,  there  are  strong  pressures  to  make  an  Initial  hardware  selection  which 
places  undue  emphasis  on  hardware  costs,  with  the  result  that  Inadequate  memory  and  CPU  capability  are 
provided,  and  excessive  software  and  programming  costs  are  ultimately  encountered.  Distributed  computer 
systems  such  as  described  herein,  and  provisions  for  memory  addition,  are  both  means  for  dealing  with  this 
problem.  Additional  aspects  of  distributed  computer  data  acquisition  and  analysis  systems  are  discussed 
In  Ref.  6. 

One  aspect  of  data  system  programming  which  provides  a favorable  spinoff  Is  the  discipline  that  the 
programming  effort  places  on  the  planning  of  a wind-tunnel  test;  this  Is  Illustrated  on  Fig.  24.  The  left- 
hand  side  of  this  figure  Illustrates  the  data  reduction  and  analyses  tasks  as  a function  of  tlme-to-complete 
the  overall  Investigation  for  the  situation  which  prevailed  prior  to  the  availability  of  computerized  data 
analysis  equipment.  The  pretest  tasks  consisted  primarily  of  preparation  of  the  basic  data  reduction 
programs  and  the  necessary  callDratlons  and  measurements.  Since  much  of  the  data  could  not  be  reduced  while 
the  tests  were  underway,  a matrix  test  plan  was  prepared,  and  many  judgmental  tasks  were  postponed  until 
after  the  test.  However,  with  a computerized  data  system,  where  a substantial  amount  of  computed  results 
are  to  be  presented  on-line,  a number  of  pretest  judgments  have  to  be  made,  as  Illustrated  on  the  right  of 
Fig.  24.  For  example,  a judgment  has  to  be  made  relative  to  which  results  must  be  presented  on-line,  and 
which  are  to  be  recorded  for  later  analyses.  Further,  for  the  data  which  are  to  be  presented  on-line, 
detailed  Instructions  as  to  desired  output  format,  range  and  scale,  etc.,  must  be  made.  In  the  process 
of  selecting  these  priorities  and  making  these  judgments,  the  researcher  is  forced  to  answer  some  very 
basic  questions  concerning  the  purpose  of  the  test,  such  as  the  relative  Importance  of  multiple  test  objec- 
tives, anticipated  level  of  the  results,  etc.  The  reward  for  proper  pretest  planning  Is  that  abundant 
on-line  Information  Is  provided  during  the  test,  which  can  be  used  by  tne  experimenter  to  guide  and  enhance 
the  value  of  the  test.  The  penalties  for  Inadequate  test  planning  are  severe.  In  that  the  data  analysis 
system  will  either  be  programmed  to  answer  the  wrong  question,  or,  In  extreme  cases,  will  not  provide 
Intelligible  output  In  a timely  manner,  and,  thus,  may  become  essentially  useless.  These  rewards  and 
punishments  provide  considerable  Incentive  for  thorough  test  planning,  and  this  will  do  much  to  increase 
the  efficiency  and  safety  of  experimental  Investigations  conducted  In  wind  tunnels. 


5.  CONCLUDING  REMARKS 

Technical  progress  In  the  field  of  small  computers  and  digital  processors  have  provided  the 
capability  of  configuring  powerful  and  flexible  data  analysis  systems  for  wind  tunnels.  Experience  with 
such  a system  Installed  In  the  Ames  40-  by  80-Foot  Wind  Tunnel  shows  that  these  systems  can  substantially 
Improve  the  quality  and  safety  of  the  experiment  by  providing  the  researcher  with  timely  Information 
presented  In  meaningful  scientific  terms. 

The  major  constraints  preventing  full  realization  of  the  potential  of  digital  data  analysis  systems 
are  Inadequate  hardware  reliability  and  the  high  cost  of  programming  and  software.  While  there  has  been 
progress  In  the  alleviation  of  these  problems,  more  attention  to  these  factors  is  required. 

The  programming  effort  required  to  prepare  for  a complex  experimental  Investigation  utilizing  on-line 
digital  data  analysis  systems  provides  high  Incentives  for  thorough  test  planning  and  severe  penalties 
for  Inadequate  planning.  The  discipline  thus  enforced  on  the  experimenter  is  responsible  for  a significant 
share  of  the  Increased  efficiency  and  safety  of  test  operations  realized  through  the  use  of  modem  data 
analysis  systems. 

In  general,  it  may  be  concluded  that  the  wind-tunnel  capability  of  producing  large  quantities  of  data, 
and  the  digital  computer  capability  of  processing  vast  amounts  of  Information,  coupled  with  the  Increasing 
complexity  of  modern  aircraft,  will  provide  a long-term  need  for  further  progress  in  the  harnessing  of 
di&ltal  data  analysis  systems  to  the  needs  of  experimental  Investigations  In  wind  tunnels. 
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Fig.  1 Typical  tests  in  the  Ames  40-  by  80-Foot  Wind  Tunnel 
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Fig.  2 Original  primary  data  acquisition  systems 
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Fig.  3 Objectives  of  conversion  to  the  real-time 
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Fig.  7 On-lire  modes  of  operation 
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Fig.  4 Design  requirements  for  the  real-time  data 
system. 
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Fig.  5 Design  constraints  for  the  real-time  data 
acquisition  system. 
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Fig.  6 System  block  diagram 


Fig.  9 Dynamic  loads  monitoring  console 
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Fig.  14  Old  method  used  for  rotor  dynamic  stability 
measurement. 


Fig.  10  Time  series  analyzer  for  dynamics  analysis 
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Fig.  15  Example  of  rotor  dynamic  stability  assess 
ment  obtained  from  transient  decay. 
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Fig.  12  Advantages  of  real-time  data  analysis  for 
wind-tunnel  tests  of  conventional  aircraft 
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Fig.  13  Comparison  of  1-g  flight  to  matrix  approach 
to  wind-tunnel  testing. 
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Fig.  19  Computer  printout  of  rotor  blade  torsion  time  history. 
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Fig.  20  Computer  printout  of  harmonic  content  of  rotor  blade  torsion  signal. 
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Fig.  21  Blade  dynamic  response  ratios. 
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Fig.  23  Software  and  programming  costs. 
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Fig.  22  Data  system  performance  and  cost  trends. 
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THE  USE  OF  COMPUTERS  IN  ROTARY  WING  TESTING 


William  G.  S.  Hardy,  Supervisor  of  Model  Testing  Group 
Edward  J.  Pyne,  Supervisor  of  Model  Instrumentation 

Boeing  Vertol  Company 
P.O.  Box  16858 
Philadelphia,  Pa.  19142 


SUMMARY 

Advancements  in  wind  tunnel  testing  of  rotary  wing  aircraft  have  been  paced  by  the 
ability  to  build  dynamically  similar,  Mach  scaled  models.  Within  the  past  few  years, 
materials  and  design  technology  have  advanced  to  the  point  where  such  models  are  now 
technically  possible  to  design  and  are  economically  feasible  to  fabricate.  With  this 
development,  there  was  an  accompanying  growth  in  test  techniques  and  data  acquisition 
and  processing  methods.  The  computer  requirements  for  testing  rotary  wing  aircraft 
models  are  discussed  and  a general  purpose  processing  system  is  described.  Some  consid- 
erations for  data  acquisition  and  presentation  a_k  presented.  The  types  of  analyses 
required  for  rotary  wing  models  are  covered  in  some  detail.  Both  real  time  and  off-line 
analysis  methods  are  reviewed. 

1.0  INTRODUCTION 

Until  recently,  advancements  in  testing  rotary  wing  aircraft  models  were  not  as 
rapid  as  those  made  in  fixed  wing  aircraft  testing.  Model  design,  the  economics  of 
fabrication,  the  reliability  of  the  instrumentation,  and  not  having  the  type  of  instru- 
mentation required  to  investigate  phenomena,  all  contributed  to  the  slow  growth  of  this 
field.  This  has  all  changed.  With  the  availability  of  advanced  composite  materials, 
"mini"  bearings,  improved  strain  gage  technology,  and  high  speed,  noise  free  slip-rings, 
it  is  now  possible  to  manufacture  dynamically  similar,  Mach  scaled  models  at  a reasonable 
price.  Rotary  wing  testing  has  come  of  age.  This  was  demonstrated  dramatically  by  the 
Boeing  UTTAS  Program  which  had  over  5000  hours  of  wind  tunnel  testing  associated  with  its 
design  and  development.  We  are  now  in  an  era  where  no  major  rotor  craft  will  be  built 
without  extensive  wind  tunnel  testing.  Recognizing  this  has  forced  re-evaluation  of  data 
acquisition  and  processing  methods.  We  no  longer  can  rely  on  punch  card,  paper  and 
magnetic  tape,  and  oscillographs  as  our  data  record.  Hand  reduction  of  data  is  too  time 
consuming  to  keep  up  with  volume  of  data  produced  by  our  models  nor  the  demand  for  rapid 
turnaround  of  data.  In  addition,  as  testing  methods  have  grown  in  sophistication,  the 
data  analysis  has  become  more  complex  requiring  computerization. 

In  the  sections  which  follow, we  will  describe  one  computer  system  developed  for 
rotary  wing  testing.  We  will  discuss  its  design  criteria,  how  it  functions,  and  some  of 
the  analysis  methods  used.  But  before  we  get  into  the  details  of  the  computer  system,  we 
need  to  take  a brief  look  at  rotary  wing  models  and  how  they  are  tested.  In  doing  so,  we 
can  gain  an  understanding  of  some  of  the  unique  problems  which  arise. 

2.0  ROTARY  WING  MODELS 

There  are  two  approaches  to  designing  rotary  wing  models  as  described  in  Reference  2 
Mach  scaling  and  Froude  scaling.  In  Mach  scaling,  the  model  is  operated  at  full  scale  tip 
speed,  advance  ratio,  and  disc  loading.  The  blades  are  designed  so  that  they  are  dynami- 
cally scaled  in  the  first  five  elastic  modes.  The  blades,  hub,  and  fuselage  are  geometri- 
cally faithful  to  full  scale.  Mach  scaled  models  are  designed  to  measure  aircraft  and 
rotor  performance,  rotor  blade  loads,  rotor  downwash,  blade  and  fuselage  interactions, 
rotor  downwash  loads,  and  to  understand  rotary  wing  aerodynamics.  Such  models  are  highly- 
powered  and  usually  operate  in  a high  load  environment. 

In  Froude  scaling,  the  model  is  designed  to  investigate  aeroelastic  stability  and 
flying  qualities.  The  model  is  designed  in  much  the  same  way  as  airplane  flutter  models 
are.  Deflections  due  to  gravity  are  geometrically  scaled  thus  achieving  scaled  inertia 
and  weight.  This  approach  allows  the  model  to  be  operated  at  reduced  tip  speeds  and 
therefore  at  reduced  stress  and  power  requirements. 

In  both  approaches,  the  model  is  usually  designed  to  incorporate  as  many  remotely 
operated  control  surfaces  as  possible  eliminating  the  need  for  frequent  model  changes  and 
allowing  the  model  operator  to  "fly"  the  model  through  high  load  operating  conditions. 
Figure  1 shows  a Froude  scale  model  recently  tested  in  Boeing's  V/STOL  Wind  Tunnel.  Many 
of  the  remote  features  are  pointed  out:  collective  pitch,  lateral  and  longitudinal  cyclic 

and  pedestal  pitch.  Marh  scaled  models  usually  include  at  least  one  six-component, 
internal,  strain  gage  balance  and  have  been  built  to  include  up  to  five. 

Model  instrumentation  usually  consists  of  the  model  control  surface  positions,  the 
strain  gage  balance  signals,  a 60  per  rev  pulse  for  the  rotor  RPM,  and  a 1 per  rev  pulse 
as  a rotor  blade  position  reference.  All  rotating  system  signals  are  transferred  to  the 
fixed  system  by  means  of  slip  rings.  The  blades  are  minimally  strain  gaged  for  safety 
of  flight.  Usually,  however,  they  are  instrumented  with  strain  gage  bridges  to  measure 
the  blade  loads  and  mode  shapes.  We  have  recently  tested  blades  having  hot  film  anemom- 
eters at  five  radial  stations.  Reference  4 describes  testing  of  blades  with  pressure 
transducers  buried  in  them  to  measure  chordwise  pressure  distributions  in  forward  flight, 
and  with  skin  friction  gages  to  measure  skin  friction  distributions. 
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FIGURE  1.  A PITCH/ROLL  FREEDOM  FROUDE  SCALED  HELICOPTER  MODEL 

Both  types  of  models  are  required  to  operate  in  a high  strain  environment  under 
high  fatigue  conditions.  Therefore,  strain  gages,  wire  packs,  and  solder  joints  are 
subjected  to  constant  flexing  and  require  periodic  repair  and  maintenance.  Although  we 
have  made  great  progress  in  improving  the  mean  time  between  failure,  we  are  still  too 
often  shut  down  to  repair  the  blade  instrumentation. 

3.0  TESTING  ROTARY  WING  MODELS 

The  general  approach  to  rotary  wing  testing  is  quite  similar  to  other  types  of 
wind  tunnel  testing.  Objectives  are  established,  the  data  required  is  defined,  and  the 
experiment  is  carried  out.  The  data  is  then  analyzed  and  interpreted.  The  traditional 
practice  in  wind  tunnel  testing,  however,  is  to  acquire  a matrix  of  test  data  from  which 
we  can  derive  data  about  specific  design  conditions.  A set  of  parameters  to  be  investi- 
gated is  defined.  These  parameters  are  systematically  varied  until  data  from  all  of  the 
conditions  has  been  acquired.  In  testing  rotor  models,  the  high  operating  loads  on  the 
models  and  the  survivability  of  the  instrumentation  become  a factor  in  planning  the  test. 
There  is  no  guarantee  against  a failure  of  one  component  or  another.  In  this  environment, 
it  becomes  imperative  to  obtain  the  important  design  related  data  first  and  then  return 
to  fill  out  the  off  design  conditions.  This  approach  has  the  added  advantage  of  providing 
key  data  at  a very  early  stage  in  the  test.  This  does  not  suggest  that  matrix  type 
testing  is  not  useful.  In  some  cases  it  is  a necessary  practice  to  develop  enough  data 
to  approach  the  experiment  selectively.  In  most  cases,  however,  we  have  found  acquiring 
the  prime  data  first  is  more  productive. 

4.0  COMPUTER  REQUIREMENTS 

Computers  serve  several  functions  in  rotary  wing  testing: 

1.  Monitoring  test  conditions. 

2.  Data  acquisition. 

3.  Data  analysis. 

4.  General  processing  for  predictions. 

Any  computer  system  should  provide  these  services,  but  it  is  not  necessary  for  them  to  be 
provided  by  a single  processor.  The  functions  can  be  and  often  are  shared  by  several 
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machines.  Information  to  monitor  test  conditions  is  usually  provided  by  a combination 
of  special  purpose,  hardwired  analog  and  digital  devices  and  a general  purpose,  program- 
mable computer.  Data  acquisition  can  be  done  in  analog  form  and  converted  to  machine 
readable  form  later,  or  it  can  be  converted  to  machine  readable  form  directly.  Data 
analysis  can  be  done  on  any  general  purpose  processor.  Prediction  programs  are  usually 
located  on  large,  central,  batch  processing  machines. 

In  planning  a computer  system  for  rotary  wing  testing,  a manager  inevitably  must 
choose  between  using  a shared,  multi-purpose,  central  computing  system  for  data  acquisi- 
tion and  analysis  or  making  an  investment  in  acquiring  a processor  which  is  dedicated 
to  the  tunnel  facility.  A shared  system  offers  the  advantage  of  distributing  the 
computer's  cost  between  several  facilities,  of  maximizing  the  use  of  the  computer's  time, 
and  of  having  a computer  which  is  large  in  size  and  has  great  computing  power.  The 
disadvantage  of  a shared  system  is  that  it  usually  operates  on  either  a priority  system 
or  a schedule  system.  The  availability  of  the  computer  is  not  guaranteed.  Priorities 
are  a management  decision  based  on  apparent  costs,  or  the  program's  importance,  or 
political  reasons.  Scheduling  assumes  that  the  test's  progress  can  be  predicted  ahead 
of  time.  This  is  not  always  the  case.  A dedicated  system  offers  the  advantage  of  instant 
access  to  the  computer  for  data  acquisition  and  analysis.  The  dedicated  system  can  also 
be  modified  to  do  special  functions.  A dedicated  system  has  immediate  access  to  the  data 
and  can  therefore  operate  in  real  time.  For  this  reason,  it  is  best  suited  for  rotary 
wing  testing. 

A second  decision  that  must  be  made  in  the  planning  stage  is  whether  to  attempt 
to  do  all  of  the  processing  in  real  time  or  whether  to  have  a balance  between  real  time 
and  off-line  processing.  At  the  Boeing  V/STOL  Wind  Tunnel  (BVWT) , the  initial  course  was 
toward  total  real  time  processing.  We  have  found,  in  our  experience,  that  this  is  not 
the  best  approach.  Errors  in  input  require  reprocessing  the  data,  additional  analysis 
is  always  requested,  and,  as  the  number  of  analysis  methods  grow,  the  presentation  of  all 
of  the  data  simultaneously  becomes  unmanageable.  Our  approach  now  is  to  provide  a 
standard  set  of  analysis  programs  which  operate  both  in  real  time  and  in  batch  processing 
mode  and  make  the  use  of  these  programs  selectible  in  real  time  by  inputs  to  the 
computer.  In  this  way,  the  analysis  required  for  on-line  evaluation  of  the  results  can 
be  done  without  saturating  the  computer's  ability  to  keep  pace  with  the  acquisition  of 
data.  At  the  same  time  batch  work  can  be  processed  providing  additional  or  more  detailed 
data  analysis. 

5.0  GENERAL  FEATURES  OF  THE  BOEING  V/STOL  WIND  TUNNEL'S  COMPUTING  SYSTEM 

We  have  looked  briefly  at  rotary  wing  models  and  discussed  their  limitations.  We 
have  seer,  how  these  limitations  affect  the  testing  process  and  have  set  the  requirements 
for  the  computing  system  supporting  the  test.  Now  we  will  look  at  the  computer  system 
at  the  Boeing  V/STOL  Wind  Tunnel  (BVWT) . This  system  was  developed  to  support  rotor 
testing.  Although  it  is  not  the  ideal  system,  it  meets  all  of  the  major  requirements 
described  above  that  are  needed  to  support  rotor  testing. 
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A general  arrangement  of  the  system  and  its  functions  is  shown  in  Figure  2.  The 
system  was  designed  around  an  IBM  1800  Computer.  The  signals  from  the  model  are  accessed 
by  the  computer  after  passing  through  signal  conditioners,  filters,  and  amplifiers.  Up 
to  128  individual  signals  or  channels  of  information  are  fed  into  two  analog-to-digital 
converters  (ADC).  The  computer's  central  processing  unit  (CPU)  is  structured  to  serve 
the  four  functions  discussed  earlier:  test  monitoring,  data  acquisition,  data  analysis, 

and  test  predictions.  This  is  shown  schematically  in  Figure  3.  These  functions  could 
be  done  equally  well  by  three  machines  operating  separately  but  interfaced  with  each 
other.  Our  decision  to  partition  one  larger  machine  rather  than  have  separate  processors 
was  based  primarily  on  cost.  It  was  cheaper  to  expand  our  core-size  than  it  was  to 
purchase  a new  system  and  interface  it  with  the  one  we  had.  The  one  disadvantage  of  this 
machine  is  that  the  core  cycle  time  is  2.25  usee  which  is  slow  compared  to  those  available 
in  newer  machines.  Our  real  time  analysis  capability  thus  becomes  saturated  rather 
rapidly. 

The  data  and  the  results  of  the  analysis  programs  can  be  presented  in  a number  of 
formats.  All  data  can  be  listed  in  tabular  form.  The  test's  conditions  are  displayed 
on  a series  of  nine  light  displays  which  are  updated  continuously  by  the  computer.  Six 
X-Y,  flat  bed  plotters  give  a real  time  display  of  computed  parameters.  All  data  is 
temporarily  stored  on  discs  and  permanently  stored  on  magnetic  tape.  The  discs  provide 
a rapid  random  access  to  the  data,  letting  it  be  recalled  on  demand  for  comparison  with 
later  runs.  Off-line  analysis  usually  accesses  the  data  stored  on  the  digital  magnetic 
tapes  and  the  results  are  plotted  on  a separate  plotter  which  is  interfaced  with  the 
computer  by  magnetic  tape.  The  majority  of  our  data  output  is  in  plotted  form. 
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FIGURE  3,  THE  COMPUTER'S  CPU  ARRANGEMENT 


The  computer's  functions  are  a prioritized  set  of  programs.  The  highest  priority 
to  the  computer  is  the  acquisition  of  test  data.  The  second  is  the  monitoring  of 
conditions.  Third  is  real  time  analysis  and  last  is  off-line  or  batch  analysis.  The 
machine  is  structured  so  that  there  is  usually  very  little  conflict  between  functions. 

The  three  areas  of  core,  although  not  totally  separate,  operate  independently.  The  only 
exception  to  this  is  that  information  is  not  provided  to  the  monitor  light  displays 
during  periods  of  data  acquisition.  The  reason  for  this  is  that  the  data  acquisition 
programs  have  priority  on  accessing  the  ADC's.  Since  data  acquisition  lasts  only  a few 
seconds,  the  test  conduct  is  not  compromised.  The  data  analysis  area  is  almost  totally 
partitioned  from  the  other  areas.  Analysis  is  being  done  at  all  times  while  the  test  is 
being  run.  The  real  time  analysis  programs  operate  on  the  data  in  the  order  that  it  is 
acquired.  It  is  possible  for  the  analysis  to  lag  the  testing  when  data  is  being  acquired 
at  a high  rate  or  the  analysis  required  is  exceptionally  lengthy.  In  these  cases,  the 
results  are  presented  to  the  test  engineer  several  minutes  after  the  data  is  taken.  If 
the  real  time  analysis  programs  have  no  data  to  process,  the  computer  will  automatically 
switch  to  batch  mode  analysis  programs.  As  more  data  is  available,  the  batch  work  will 
be  temporarily  interrupted  so  that  the  analysis  area  can  be  used  again  for  real  time 
programs. 


The  majority  of  the  support  software  consists  of  standard  programs  controlled  by 
punched  card  input.  All  data  acquisition  functions  (including  input  changes)  are 
initiated  by  a button  on  the  data  acquisition  console,  Figure  4.  The  functions  are 
performed  in  the  order  the  buttons  are  pushed.  A set  of  option  switches  is  located  below 


the  function  buttons.  These  switches  control  the  processing  and  data  presentation  as 
well  as  provide  a means  for  trouble  shooting.  Intermediate  printouts  can  be  turned  on 
and  off  at  will.  Plotting  can  be  suspended  to  service  the  plotters.  The  parameters 
displayed  to  monitor  the  test  conditions  can  be  changed.  These  features  give  us  a lot 
of  versatility. 


FIGURE  4.  THE  DATA  ACQUISITION  CONSOLE 

6.0  MONITORING  TEST  CONDITIONS 

While  conducting  a typical  rotor  experiment,  two  questions  are  constantly  in  the 
mind  of  the  responsible  engineer. 

1.  Are  the  tunnel  and  model  at  the  conditions  that  are  required  to  take  data? 

2.  Is  it  safe  to  proceed  to  the  next  condition  without  enc angering  the  model 
or  any  of  the  support  equipment? 

If  these  two  questions  cannot  be  answered  affirmatively,  the  test  should  stop.  To  provide 
information  to  the  engineer,  we  use  both  the  digital  1800  Computer  and  some  special 
purpose,  hardwired  devices  which  take  the  analog  signals  from  the  model  as  inputs. 

6.1  Monitoring  Using  Digital  Signals 

It  was  pointed  out  in  earlier  jssions  that  rotary  wing  testing  has  departed 

from  a matrix  type  approach  to  testing.  Data  acquisition  is  done  selectively  to  obtain 
the  data  that  is  required  in  the  least  amount  of  time.  To  do  this  the  test  manager  must 
know  the  conditions  at  which  the  model  is  operating  and  how  the  model  responds  to  control 
inputs.  This  data  is  provided  by  the  computer.  The  computer  is  set  up  so  that  it  is  in  a 
continuous  cycle  of  sampling  data  from  the  model  through  the  ADC,  processing  the  data,  and 
displaying  the  results  in  the  light  displays.  All  data  has  been  fully  corrected  and  is 
consistent  with  the  printed  and  plotted  data.  The  processing  programs  are  a series  of 
standard  acquisition,  calibration,  and  correction  programs  which  apply  the  normal  tare 
corrections,  remove  zero  references,  and  convert  the  raw  data  to  useable  and  correct 
engineering  values.  A small  analysis  program  then  computes  the  values  of  interest  to  the 
engineer  and  displays  them  nine  at  a time  in  the  light  displays.  The  nine  light  displays 
are  controlled  by  nine  separate  option  switches  on  the  data  acquisition  console.  There 
is  one  switch  for  each  display.  Three  computed  parameters  are  assigned  to  each  display. 
The  computer  determines  which  parameter  to  display  from  the  switch  position.  Thus  up  to 
27  final  data  parameters  can  be  displayed.  Once  the  items  have  been  displayed,  the 
computer  begins  the  cycle  of  sampling,  processing,  and  displaying  again.  Each  cycle 
takes  about  two  seconds. 

This  computer  controlled  monitor  has  two  other  modes  of  operation.  In  one,  it  is 
possible  to  display  the  steady  component  of  the  voltages  being  sensed  by  the  computer  for 
all  128  channels  of  input.  In  the  other,  these  inputs  can  be  converted  to  engineering 
units  and  displayed.  These  functions  serve  well  in  calibrating  instrumentation  and 
checking  it  daily.  They  provide  a full  and  instantaneous  end  to  end  check  on  each  data 
channel.  The  desired  mode  of  operation  is  selected  by  option  switches  on  the  data 
console.  Totally,  this  computer  operated  monitor  provides  a display  of  155  engineering 
values.  Using  it,  the  engineer  can  easily  move  from  one  test  condition  to  another. 

6.2  Monitoring  Using  Analog  Signals 

To  ensure  a safe  operation,  an  assortment  of  hardwired,  special  purpose  devices 
which  provide  visibility  on  the  safety  of  the  model  are  available.  The  main  concern  in 
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operating  rotor  models  mounted  on  force  measuring  systems  is  whether  the  combination 
of  steady  and  vibratory  loadings  on  critical  components  will  ultimately  yield  that 
component  or  create  a fatigue  failure.  Critical  components  are  identified  during  the 
design  of  the  model  and  are  instrumented  for  safety  monitoring.  The  allowable  steadies 
and  alternating  loads  are  computed  prior  to  the  test.  This  is  a vital  part  of  the  test 
preparation.  In  addition,  pretest  predictions  of  loads  and  performance  serve  to  give 
advanced  notice  of  test  conditions  which  might  create  high  loads. 

In  the  simplest  cases  it  is  only  necessary  to  monitor  the  vibratory  load  in  one 
plane  to  ensure  a safe  operation.  A pitch  link  load  is  an  example.  Single  channel 
vibratory  loads  are  usually  displayed  on  oscilloscopes  as  a continuous  waveform  display. 
These  waveforms  are  stationary  because  the  horizontal  sweep  is  controlled  by  a circuit 
which  resets  the  sweep  every  rotor  revolution.  Red  lines  appear  on  the  face  of  each 
scope  denoting  the  operating  limits.  In  addition  to  these  scopes,  vertical  meters  can 
be  used  to  display  the  vibratory  part  of  a signal  as  a percent  of  an  allowable  load. 
These  too  are  red  lined  at  the  allowable  limit. 

In  some  instances,  the  testing  envelope  can  be  expanded  by  monitoring  loads  in 
more  than  one  plane  of  a component  and  by  properly  accounting  for  their  interaction.  An 
oscilloscope  is  again  used,  but  now  one  component  is  placed  on  the  vertical  axis  and  the 
other  on  the  horizontal.  The  load  envelope  is  then  drawn  on  the  face  of  the  scope  as 
shown  in  Figure  5.  This  display  results  in  a Lissajou  pattern  of  the  loads.  As  long  as 
the  pattern  lies  within  the  envelope  on  the  scope,  testing  car  proceed. 


FIGURE  5.  A MULTI-COMPONENT  STRUCTURAL  LOADS  MONITORING  OSCILLOSCOPE 

This  multicomponent  loads  analysis  has  been  applied  to  our  six  component  strain  gage 
balances.  We  have  built  a hardwired,  analog  computer  which  has  been  programmed  to  analyze 
the  signals  from  all  of  the  balance  components  and  output  a single  voltage  which  is  pro- 
portioned to  the  load  limit.  The  method  derives  a single  equation  which  represents  each 
component's  contribution  to  the  total  stress  on  the  most  critical  flexure.  The  computer 
separates  the  steady  and  vibratory  loads,  applies  weighting  factors  to  each  and  then  sums 
them  in  the  correct  manner.  In  effect,  it  is  giving  a continuous  output  of  the  stresses 
in  the  critical  flexure.  This  can  be  monitored  on  a vertical  meter  as  a percentage  of  the 
allowable  stress. 

Besides  these  hardwired  analog  systems  we  have  available  a programmable  analog 
computer.  It  has  proved  to  be  an  invaluable  tool  in  computing  functions  for  real  time 
display  and  for  manipulating  signals  prior  to  being  recorded  by  the  digital  computer. 

We  use  it  quite  often  to  transfer  from  the  balance's  moment  reference  center  to  the 
model's.  Displaying  the  pitch  and  roll  moments  on  an  X-Y  oscilloscope  lets  the  operator 
keep  the  rotor  in  proper  trim  at  all  times. 

The  last  special  purpose  device  we  want  to  mention  is  the  frequency  analyzer. 

This  has  become  a standard  piece  of  test  hardware  on  rotor  tests.  With  this  device,  an 
experienced  test  engineer  can  permit  the  model  to  approach  unstable  modes  without 
catastrophe.  He  can  visually  monitor  all  of  the  modes  at  once  and  evaluate  them.  We 
also  use  these  analyzers  to  determine  non-rotating  frequencies  from  "bang"  tests. 

The  combination  of  digital,  analog,  and  special  purpose  devices  gives  the  test 
engineer  the  visibility  he  needs  to  operate  safely  and  obtain  data  at  very  specific  test 
conditions. 


I 


7.0 


DATA  ACQUISITION 


Three  types  of  permanent  data  records  are  acquired  at  each  test  condition: 

1.  Steady  state  data, 

2.  Time  varying  data, 

3.  Periodic  or  harmonic  data. 

Each  is  acquired  in  a different  way  for  a different  purpose.  Sixty-four  channels  of 
steady  state  information  and  sixty-four  channels  of  time  varying  information  are  available. 
All  data  is  recorded  in  digital  form  and  is  permanently  stored  on  disc  and  magnetic  tape. 

One  of  the  two  analog  to  digital  converters  is  used  exclusively  for  the  steady  state 
data.  The  signals  from  the  model  have  been  filtered  by  a 2 Hz  low  pass  filter  prior  to 
being  interfaced  to  the  ADC.  The  signals  from  all  64  channels  are  averaged  over  a one 
second  period  at  a sampling  rate  of  8 kHz.  This  essentially  eliminates  the  60  Hz  noise 
from  the  data.  One  averaged  value  is  obtained  for  each  channel  at  each  test  condition 
and  stored  on  disc. 

Time  varying  signals  are  digitized  at  rates  up  to  40  kHz.  Only  those  channels  of 
interest  are  sampled.  The  computer  is  supplied  by  card  input  with  the  list  of  channels 
to  sample  and  the  sample  period  in  seconds.  The  sampling  rate  is  set  externally  by  a 
quartz  crystal  clock.  The  channels  are  sampled  in  a rotational  manner.  Sampling  starts 
with  the  first  channel  in  the  list.  The  second  sample  the  computer  samples  the  second 
channel  in  the  list.  It  follows  this  sequence  until  the  last  channel  in  the  list  has 
been  sampled.  It  then  returns  to  the  top  of  the  list  and  continues  sampling  in  the  same 
channel  sequence.  This  sampling  technique  provides  histories  for  all  of  the  channels 
over  the  same  time  period.  The  sampling  period  is  around  one  second  which  is  sufficient 
to  cover  10  to  20  rotor  revolutions.  This  time  history  data  is  acquired  to  analyze 
transients  and  non-harmonic  responses.  The  raw  counts  of  data  are  identified  so  that 
cyclic  phenomenon  can  be  studied.  This  is  accomplished  by  changing  the  lowest  order  bit 
on  the  data  input  register  every  revolution.  This  change  is  accomplished  using  tic  1/rev 
marker  from  the  model  to  trigger  a circuit  which  changes  the  bit.  Thus,  if  cyclic 
analysis  is  required,  the  computer  can  distinguish  between  cycles  in  the  time  history 
because  all  of  the  data  in  one  cycle  will  be  odd  and  in  the  next  cycle  even  and  so  forth. 

Nearly  all  of  our  periodic  or  harmonic  data  is  acquired  by  a special  sampling 
technique  which  synchronizes  the  initiation  of  sampling  to  the  start  of  a rotor  revolution 
and  the  sampling  period  to  the  period  of  a rotor  revolution.  In  developing  this  technique, 
the  objectives  were  to  improve  the  consistency  of  the  periodic  data  acquired  by  compiling 
a time  average  of  the  data  over  the  period  of  one  rotor  cycle  and  to  reduce  the  volume  of 
data  by  reducing  the  length  of  analysis  to  one  cycle.  Prior  to  sampling  the  computer 
determines  the  sampling  period  from  the  rotor's  RPM.  It  then  signals  the  sampling  cir- 
cuitry that  it  is  ready  for  data.  The  circ-'itry  inhibits  the  computer  from  sampling 
until  the  1/rev  marker  is  received.  Sampling  then  commences  and  continues  for  one  rotor 
revolution.  The  computer  stores  this  array  of  data  temporarily.  It  then  signals  that 
it  is  ready  to  sample  again.  The  circuitry  again  inhibits  sampling  until  the  1/rev 
marker  is  received.  Then  sampling  starts  again.  The  point  to  be  made  here  is  that  the 
first  sample  is  always  taken  with  the  rotor  in  the  same  azimuth  position  as  are  the 
second,  third,  fourth,  etc.  Thus  the  n-th  sample  of  data  from  one  cycle  can  be  added 
to  the  n-th  sample  from  another  without  any  phase  errors.  The  sampling  method  guarantees 
that  samples  will  be  taken  when  the  rotor  is  in  the  same  azimuth  position.  By  accumulating 
data  over  a number  of  rotor  cycles  and  averaging  the  samples  at  the  fixed  azimuth  locations, 
data  for  an  "average"  rotor  cycle  is  obtained,  non-harmonic  responses  have  been  averaged 
out  of  the  data,  and  harmonic  responses  reinforced.  Figure  6 shows  a comparison  of  an 
unaveraged  signal  and  the  same  signal  averaged  over  32  rotor  cycles. 

UNAVERAGED  AVERAGED  32  TIMES 


FIGURE  6.  THE  EFFECT  OF  TIME  AVERAGING  PERIODIC  DATA 
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The  sampling  rates  for  the  time  varying  and  periodic  signals  are  selected  after 
considering  the  frequency  content  of  the  signal  and  the  number  of  channels  being  sampled. 
The  general  rule  of  thumb  is  to  acquire  five  samples  for  each  harmonic.  For  example,  if 
we  want  to  obtain  data  to  the  tenth  harmonic  on  15  channels  of  information,  and  the  rotor 
was  turning  at  20  cps  we  would  have  to  sample  at  a minimum  rate  of  15,000  Hz  (=  5/harmonic 
x 10  harmonics  x 20  cps  x 15  channels).  Since  this  rate  is  not  available  we  would  select 
the  next  higher  rate  which  is  20  kHz. 

For  each  test  condition,  we  acquire  twenty  to  twenty-five  thousand  data  values. 

The  time  varying  signal  is  stored  permanently  on  magnetic  tape  and  is  not  generally 
analyzed  in  real  time.  The  steady  state  and  periodic  data  are  retained  on  disc  and 
analyzed  in  real  time.  Subsequent  to  the  test,  the  data  is  transferred  to  tape  for 
storage. 

8.0  REAL  TIME  DATA  ANALYSIS 

The  computer  arrangement,  you  will  recall  from  Figure  3,  is  such  that  a portion 
of  its  CPU  is  dedicated  to  the  analysis  of  test  data.  The  data  is  analyzed  as  it  is 
recorded.  A backlog  of  data  to  be  analyzed  can  accumulate,  but  the  computer  will 
continue  to  analyze  until  all  of  the  data  has  been  processed.  No  other  computing  can  be 
done  until  the  computer  has  caught  up.  In  general,  the  delay  between  data  acquisition 
and  final  presentation  is  no  longer  than  90  seconds. 

The  analysis  of  the  steady  state  data  is  similar  to  other  facilities.  The  data, 
in  counts,  is  converted  to  engineering  units  with  zero  references  removed  if  required. 
Interactions  are  removed  from  the  strain  gage  balance  data  as  are  weight  tare  conditions. 
The  analysis  program  can  process  data  from  ten,  six  component  force  balances.  The  balance 
data  is  finally  rotated  to  the  desired  model  axis  system  and  transferred  to  the  correct 
moment  reference  center.  Following  this,  special  application  programs  compute  the 
desired  rotor  and  aircraft  coefficients  applying  all  known  corrections  including  wall 
effects.  The  final  results  are  kept  on  disc  and  may  be  listed  or  plotted  as  desired. 

Currently  two  types  of  analysis  are  performed  on  the  periodic  data.  The  first 
analysis  does  a quick  look  evaluation  of  the  averaged  waveform  for  each  channel  of  data 
sampled.  This  analysis  is  directed  towards  providing  an  evaluation  of  the  stresses  and 
loads  on  the  rotor  and  model.  The  waveform  is  analyzed  to  determine  the  steady  load, 
the  maximum  and  minimum  loads  and  the  vibratory  or  peak-to-peak  divided  by  two  ampli- 
tude. When  it  is  important  to  understand  the  dynamic  content  of  the  waveform,  a Fourier 
series  curve  is  fitted  to  the  data.  Up  to  ten  harmonics  can  be  analyzed  and  presented 
for  each  channel.  These  analyses  provide  the  experimenter  with  a tabulated  listing  of 
both  the  loads  and  dynamics  being  experienced  by  the  rotor.  The  computer  has  done  in 
seconds  what  previously  took  weeks  of  hand  reduction  of  oscillograph  tapes.  The  results 
are  listed  along  with  the  rotor's  performance  and  can  be  plotted  as  a function  of  the 
performance  parameters . 

The  value  of  real  time  analysis  is  that  it  makes  rotor  testing  cost  effective.  The 
test  can  approach  a question  directly,  evaluate  the  results,  and  probe  where  necessary. 

Re? 1 time  analysis  loses  its  value  when  it  affects  the  progress  of  the  test  or  when  the 
results  of  the  analysis  cannot  be  presented  effectively  in  real  time.  For  these  reasons, 
wj  have  chosen  to  perform  other  analyses  off-line.  We  will  now  turn  our  discussion 
towards  these. 

9.0  FREQUENCY  ANALYSIS  TECHNIQUES 

As  rotor  technology  has  advanced  from  articulated  to  hingeless  blades,  new  problems 
have  been  encountered  which  have  required  improved  analysis  techniques.  Hingeless  rotors 
characteristically  have  highly  coupled  modal  characteriscics  which  change  as  the  loading 
on  them  changes.  As  these  modes  change  so  does  the  structural  damping.  A rotor  blade 
chord  mode  which  is  very  stable  at  low  thrust  may  move  as  the  thrust  is  increased  and 
couple  with  a flap  mode.  At  the  same  time  its  damping  may  decrease  to  the  point  where 
the  model  experiences  a flap-lag  instability  which  could  be  detrimental. 

By  means  of  a Fast  Fourier  Transform,  the  time  histories  from  the  chordwise  and 
flapwise  moment  bridges  can  be  analyzed  effectively.  This  method  takes  a time  history 
and  converts  it  into  an  amplitude  vs.  frequency  plot.  In  this  format  modes  are  easily 
identified  and  traced  as  conditions  change.  Coupling  can  be  seen  as  a growth  in  amplitude 
of  one  mode  or  the  appearance  of  another  in  the  frequency  spectra. 

Reference  1 describes  an  experimental  approach  used  to  map  the  rotating  natural 
mode  shapes  to  verify  the  pretest  predictions.  Typically  the  model  is  operated  at  a 
constant  ratio  of  tunnel  speed  to  tip  speed.  The  tip  speed  is  varied,  but  the  angle  of 
attack,  collective  pitch,  and  cyclic  pitch  are  held  constant  keeping  the  non-dimensional 
aerodynamic  environment  constant.  Time  histories  of  the  rotor  loads  are  taken  at  each 
tip  speed  and  frequency  analysis  is  performed  on  each.  The  resultant  map  of  frequency 
spectra  shows  how  each  mode  changes  with  RPM.  The  ridges  on  this  map  are  then  trans- 
ferred to  a "fan"  diagram  which  shows  the  modal  variation.  A typical  map  and  fan  diagram 
are  shown  in  Figure  7.  The  harmonics  or  per  revs  are  plotted  as  the  ribs  of  the  fan. 

The  natural  modes  cut  across  these. 

From  the  frequency  spectra  we  can  compute  power  spectra  and  correlation  functions. 

We  have  used  them  to  analyze  the  energy  dissipation  in  wakes  behind  the  rotor  to  evaluate 
the  effectiveness  of  aerodynamic  fairings.  Vibratory  data  can  be  analyzed  as  well  as 


NATURAL 

FREQUENCY  4 000 
- CfM 


MODEL  SPEED  - RPM 


0 2,000  4,000  6,000  8,000 

NATURAL  FREQUENCY  - CPM 

FIGURE  7.  MAPPING  ELASTIC  MODES  USING  FREQUENCY  ANALYSIS  METHODS 
noise  measurements.  Octave  and  1/3  octave  band  analyses  can  be  done. 

The  advantage  of  using  the  computer  for  this  work  instead  of  a hardwired  real  time 
analyzer  is  that  the  computer  is  always  working  a permanent  data  base  which  can  be 
analyzed  and  reanalyzed.  It  never  gets  lost.  Also,  the  data  for  one  channel  is  acquired 
at  the  same  time  as  all  of  the  other  channels  so  the  transfer  from  one  mode  to  another 
can  be  studied. 

10.0  DAMPING  ANALYSIS 

The  Fast  Fourier  Transform  (FFT ) has  proven  to  be  a powerful  analysis  technique 
when  applied  to  modal  identification  and  analysis.  It  is  of  even  greater  value  when 
applied  to  analyzing  the  damping  characteristics  of  these  modes.  The  analysis  is 
applied  to  the  time  history  of  a transient  response.  The  frequency  of  the  mode  is 
identified  from  the  frequency  spectrum.  Having  identified  the  frequency,  a block  of  the 
transient  is  selected  to  be  analyzed.  The  block  size  is  selected  based  on  the  frequency 
accuracy  required,  the  length  of  the  time  history  and  the  frequency  of  interest.  Starting 
at  the  beginning  of  the  transient,  an  FFT  is  performed  on  the  block  of  data  and  the 
amplitude  of  the  mode  of  interest  is  determined  and  saved.  The  block  is  then  moved  an 
increment  in  time.  This  increment  can  be  one  sample  or  a number  of  samples.  We  have 
selected  to  make  the  increment  one  half  the  period  of  the  modal  frequency.  Again  an  FFT 
is  done  and  the  amplitude  at  the  mode's  frequency  is  determined  and  saved.  The  block  is 
moved  again  the  same  increment  and  the  process  is  repeated.  The  scheme  of  moving  the 
block  and  FFT  analysis  is  continued  over  a prescribed  time  period  which  is  usually  six 
periods  of  the  modal  frequency.  After  completing  this  process  the  computer  has  a history 
of  the  transient  nature  of  the  mode's  response  to  a forcing  function.  The  computer  then 
takes  the  logarithm  of  the  amplitudes  it  has  recorded.  Plotting  these  against  the  time 
in  tht  history  each  block  was  started  gives  a curve  from  which  the  damping  can  be  calcu- 
lated. 


Figure  8 shows  the  results  of  such  an  analysis.  During  the  test,  the  model  shown 
in  Figure  1 was  excited  by  oscillating  the  lateral  cyclic  pitch  control.  The  object 


of  this  was  to  excite  the  rotor  at  the  first  chord  mode's  natural  frequency.  At  the 
instant  the  excitation  force  was  terminated,  the  computer  recorded  the  time  history  of 
the  chord  bending  moment  shown  in  Figure  8 (a) . The  Fourier  Transform  of  the  time 
history.  Figure  8(b),  was  then  used  to  identify  the  modal  frequency  and  the  moving  block 
analysis  was  then  performed.  Figure  8(c)  shows  the  results  of  the  analysis.  You  will 
note  that  the  results  are  not  a straight  line,  but  it  can  be  shown  that  this  is  to  be 
expected.  We  will  not  cover  this  aspect.  A complete  description  of  theory  is  available 
in  Reference  3.  Because  of  the  sometimes  non-linear  nature  of  the  results,  a linear 
least  squares  curve  is  fitted  to  them. 


FIGURE  8.  MOVING  BLOCK  DAMPING  ANALYSIS 

(a)  TIME  HISTORY 

(b)  FREQUENCY  SPECTRUM 

(C)  ANALYSIS  RESULTS 

This  method  has  been  called  the  moving  block  damping  analysis.  It  is  used  to  its 
best  advantage  with  an  interactive  CRT  scope.  This  is  not  a necessity,  however,  A real 
advantage  of  this  technique  is  that  the  excitation  does  not  need  to  be  mechanically 
induced.  It  can  be  induced  by  random  aerodynamic  forces  arising  from  air  turbulence. 

For  this  reason,  it  can  be  used  in  conventional  flutter  testing  to  predict  flutter 
boundaries  without  having  to  go  to  those  boundaries.  This  special  application  of  FFT 
techniques  has  made  damping  analysis  rigorous. 

11.0  DATA  VISIBILITY 

One  problem  that  computer  acquisition  and  processing  has  created  is  that  the  data 
is  not  visible  tr  the  analyst.  There  are  people  today  who  would  still  prefer  oscillo- 
graph records  because  they  can  hold  the  data  in  their  hands  and  look  at  it.  They  can 
understand  where  their  results  come  from.  The  fixed  wing  experimenter  does  not  have 
this  problem.  All  of  his  data  appear  on  six  X-Y  plotters.  The  rctary  wing  experimenter 
is  faced  with  twenty  to  twenty-five  thousand  points  per  test  condition.  Still,  we  must 
provide  access  to  the  data. 

Our  solution  to  this  problem  has  been  to  provide  the  analyst  with  a presentation  of 
his  data  which  includes  the  data  plotted  against  azimuth  position  along  with  the  results 
of  loads  and  harmonic  analysis  performed  in  real  time.  This  presentation  is  done  using 
printer  plots  shown  in  Figure  9.  These  plots  usually  serve  to  show  waveforms  sufficiently 
well  to  answer  questions  arising  from  the  analyses.  The  advantages  of  printer  plots  are 
that  they  only  require  the  use  of  the  computer's  printer,  and  they  can  be  done  in  bulk 
very  inexpensively.  One  of  the  plots  can  be  produced  every  15  seconds  on  our  computer.  A 
more  formal  presentation  can  be  produced  using  the  off-line  plotting  unit  mentioned  earlier 

Those  facilities  that  have  CRT  terminals  which  can  act  inter-actively  with  the 
computer  have  a very  useful  tool.  Using  these  the  analyst  can  address  the  data,  have  it 
displayed  in  any  format,  and  direct  the  analysis  after  viewing  the  data.  This  is  a time 
consuming  process  but  in  many  cases  it  is  the  only  way  that  effective  analysis  is  possible, 
The  speed  with  which  such  terminals  operate  give  them  a tremendous  advantage  over  any 
mechanical  plotters. 
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FIGURE  9.  A PRINTER  PLOT  OF  ONE  ROTOR  CYCLE  OF  DATA 
12.0  SPECIAL  COMPUTER  ANALYSES 


Generally,  we  strive  to  make  our  computer  analysis  programs  capable  of  supporting 
any  test  situation,  but  occasionally  standard  programs  will  not  provide  the  required 
information.  We,  as  an  industry,  must  vigorously  approach  these  non-standard  require- 
ments and  develop  them  to  their  full  potential.  Usually,  these  requirements  develop  into 
the  standard  programs  as  time  goes  on.  The  frequency  analysis  programs  described  above 
were  originally  developed  to  investigate  a blade  stall  phenomenon,  not  to  trace  modal 
frequencies  and  measure  damping.  The  methods  weed  in  handling  data  from  hot  wires  was 
applied  to  the  frequency  and  damping  analyses.  The  requirement  to  do  transient  load 
analysis  during  start  up  and  shut  down  tests  forced  us  to  depart  from  the  traditional 
harmonic  analysis  used  by  the  rotary  wing  aircraft  community.  The  examples  are  plentiful 
and  they  all  demonstrate  the  need  to  experiment  with  analysis  techniques.  In  this  way, 
computer  methods  can  move  ahead  with  model  making  and  tesiing  technology  to  develop  the 
V/STOL  aircraft  of  the  future. 

13.0  CONCLUSION 

We  have  seen  that  the  advancing  state  of  the  art  in  model  building  has  placed 
renewed  emphasis  on  wind  tunnel  testing  of  rotary  wing  aircraft  and  rotor  systems.  To 
accomplish  efficient  testing  of  the  models  and  productive  and  effective  analysis  of  the 
data,  we  must  rely  on  a computer  system  which  has  features  tailored  to  rotor  testing.  A 
continuous  monitor  of  test  conditions  is  important  not  only  to  set  up  the  proper  conditions 
but  to  operate  safely.  Real  time  data  analysis  has  been  stressed  because  of  the  import^cs 
of  acquiring  specific  data  rather  than  a matrix  of  data.  It  is  also  important  to  maintain 
the  proper  balance  between  real  time  and  non-real  time  analysis.  The  real  time  analysis 
should  be  limited  to  a digestible  amount  of  data  and  ought  to  proceed  at  the  pace  of  the 
experiment.  Off-line  analysis  should  proceed  as  quickly  as  possible.  Many  times  these 
analyses  provide  answers  which  are  vital  to  the  success  of  the  test.  The  suggestion  here 
is  that  the  computer  facility  should  be  dedicated  to  the  test  facility. 

We  have  found  that  the  best  analysis  tool  in  rotor  testing  today  is  a Fast  Fourier 
Transform  analys.s.  The  FFT  provides  a visibility  of  the  data  which  was  previously 
unavailable.  Its  application  to  the  moving  block  damping  analysis  is  one  example  of  its 
utility.  It  is  also  applicable  in  computing  power  spectra,  correlation  coefficients  and 
energy  characteristics. 

The  computer  has  many  uses  in  rotary  wing  testing.  As  long  as  there  are  imaginative 
engineers  in  the  rotary  wing  community,  there  will  be  a need  for  wind  tunnels  and  a 
compuV-sr  system  supporting  it.  This  combination  will  continue  to  be  an  irreplaceable  tool 
in  the  design  of  future  V/STOL  aircraft. 
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SOME  EXPERIENCES  WITH  THE  EXPLOITATION 
OF  MEASUREMENTS  OF  THE  PERTURBATION  FIELD  IN  A WIND  TUNNEL 
TO  IMPROVE  SIMULATION 


by  W.  R.  Sears 

University  of  Arizona  and  Calspan  Corporation 


I shall  assume  that  my  audience  is  already  aware  of  the  adaptive-wall  scheme  independently  proposed 
a few  years  ago  by  the  late  Professor  Antonio  Ferri  and  the  speaker.  Briefly,  the  scheme  consists  of 
joining  the  flow  field  within  a wind  tunnel  to  a computed  exterior  flow  field  that  satisfies  the  required 
boundary  condition  at  large  distances.  The  matching  of  these  two  flow  fields  is  carried  out  to  an 
arbitrary,  convenient,  matching  surface  S within  the  tunnel. 

The  essential  feature  of  this  proposal  is  that  both  the  flow  within  the  tunnel  and  the  computed 
exterior  field  are  iteratively  adjusted  to  achieve  the  matching.  The  tunnel  flow  is  adjusted  by 
mechanical  changes  of  tunnel-wall  geometry  — for  example,  by  varying  the  pressures  in  subdivided 
plenum  chambers  surrounding  the  working  section  and  communicating  with  the  tunnel  through  porous  walls 
or  slots.  The  exterior  flow  field  is  adjusted  by  altering  the  boundary  values  prescribed  at  S,  on  the 
basis  of  measurements  of  flow-perturbation  distributions  at  or  near  S. 

In  practice,  the  most  suitable  perturbation  quantities  to  be  used  for  this  purpose  appear  to  be 
static  pressure  and  flow  inclination  — or,  what  is  equivalent,  streamwise  and  normal  (to  S)  velocity 
components,  u and  v. 

A way  to  carry  out  the  procedure  is  to  introduce  one  or  the  other  of  the  two  measured  distributions, 
say  vm,  as  interior  boundary  values  for  the  exterior  field,  and  to  extract  from  the  computer  the  distri- 
bution u consistent  with  the  (unconfined)  exterior  flow.  We  call  this  result  u[v  J,  denoting  that  it  is 
a functional  of  the  distribution  vm.  The  discrepancy  function  6u,  defined  as  u[vm]-um,  is  a measure  of 
wind-tunnel  wall  interference,  and  is  the  basis  for  the  next  wall  modification. 

Let  the  superscript  n denote  the  number  of  the  iteration  arrived  at;  thus  u^1^  and  vm^  are  the 
measured  distributions  at  the  n-th  iteration,  and  fi(n)u  = u[vm(n) l-u^11'  is  the  corresponding  discrepancy. 

The  procedure  is  to  adjust  the  tunnel-wall  geometry  so  as  to  change  the  measured  u-distribut ion  from 
um(n>  to  u^®)  + k6(n)u,  say,  where  k is  a constant.  If  k is  taken  to  be  1,  the  phenomenon  of  "overshoot" 
seems  always  to  occur  — the  function  6^n+^^u  will  be  generally  of  opposite  sign  to  that  of  6^n^u  — 
convergence  may  occur,  but  it  will  be  slow.  One  of  the  interesting  problems  associated  with  this  scheme 
is  to  find  optimal  values  for  k. 

It  is  possible  to  simulate  analytically  the  iterative  process  for  certain  categories  of  models  in 
two-dimensional  or  circular  tunnels,  for  flow  that  is  either  incompressible  or  is  subsonic  in  the  Prandtl- 
Glauert  approximation.  For  example,  Lo  and  Kraft  of  ARO,  Inc.  have  shown  very  elegantly  that  the  process 
converges,  for  any  value  of  k within  0 < k £ 1,  for  any  two-dimensional  nonlifting  model  in  a two- 
dimensional  wind  tunnel.  Both  Dr.  Lo  and  I have  carried  out  the  extension  to  axis>mmetric  models  in 
circular  tunnels,  and  I have  applied  R.  T.  Jones*  low-aspect-ratio  using  theory  to  study  the  case  of  a 
lifting  wing  in  a circular  tunnel.  In  each  case,  the  process  converges  to  the  correct,  unconfined  flow, 
for  a range  of  k*s,  regardless  of  the  initial  wall  configuration.  That  is,  it  does  not  matter  whether 
the  iteration  begins  with  a closed,  open  or  ventilated  tunnel,  so  far  as  the  conclusion  regarding  con- 
vergence is  concerned.  (The  tunnel-wall  configuration  must,  at  every  step,  have  the  assigned  symmetry: 
two-dimensional  or  axisymmetric . ) 

The  Calspan  one-foot  transonic  tunnel  is  an  embodiment  of  the  Ferri-Sears  scheme;  namely,  a two- 
dimensional  tunnel  having  perforated  top  and  bottom  walls  communicating  with  subdivided  plenum  chambers 
whose  pressures  are  controllable.  Flow  quantities  u and  v are  measured  by  means  of  a longitudinal 
static-pressure  pipe  and  flow-inclination  tubes,  respectively.  Experiments  have  been  carried  out  using 
a 0012  wing  with  force,  moment,  and  pressure  instrumentation.  The  wing  chord  is  0.5  ft. 

Under  conditions  where  the  flow  at  surface  S (in  this  case,  plane  surfaces  above  and  below  the  del) 
is  wholly  subsonic,  the  outer-flow  calculation  has  been  based  on  the  Prandtl-Glauert  approximation.  Thus, 
for  given  vm(x)  at  surface  S,  the  calculation  of  u[vm(x)]  is  relatively  straightforward,  involving  only 
inversion  of  a Hilbert  transform  on  the  infinite  interval.  The  only  complication  is  that  the  measured 
data  must  be  extrapolated  to  large  values  of  x and  -x.  This  has  been  done  by  fluid-mechanical  principles. 

For  higher  Mach  numbers,  the  exterior  flow  becomes  supercritical  (mixed),  and  must  be  calculated 
from  the  nonlinear  small-disturbance  transonic  theory.  To  date,  the  finite-difference  technique  of 
Murman  and  Cole  has  been  used.  The  inner  boundary  (plane)  is  unusually  simple,  but  again  there  are  some 
complications  because  the  boundary  is  infinite  in  extent,  and  extrapolation  of  measured  data  is  necessary. 

Figures  1-3  are  examples  of  the  experimental  data  obtained  at  Calspan  in  the  one-foot  tunnel 
described  above.  They  show  3-component  data  for  the  0012  airfoil  at  Mach  numbers  0.55,  0.65  and  0.725. 

The  points  identified  with  the  symbol  A are  the  results  obtained  when  the  one-foot  tunnel  was  run  in  a 
configuration  roughly  simulating  a conventional  ventilated  tunnel;  namely,  the  plenum  chambers  were  set 
so  as  to  give  uniform  static  pressure  in  the  absence  of  the  airfoil  (empty  tunnel)  and  their  valves  were 
fixed  in  those  positions.  When  the  airfoil  was  tested  in  this  configuration,  of  course,  there  was 
communication  between  the  plenum  chambers  through  the  piping;  no  further  wall  adjustments  were  made. 
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The  data  identified  with  the  symbol  O were  obtained  in  the  Calspan  8-foot,  ventilated,  transonic 
wind  tunnel  using  the  same  model  of  0.5-foot  chord  and,  therefore,  can  be  in'  *■  cted,  to  good  approx- 
imation, as  data  obtained  in  unconflned  flow.  It  will  be  seen  that  the  discrepancies  between  the  one- 
foot-conventional  data  and  the  8-foot  data  are  substantial,  especially  at  Mach  numbers  0.65  and  0.725 
and  especially  as  regards  moment  coefficient. 

In  figure  3 are  also  shown  the  results  of  iterative  wall  adjustments  using  the  measurement 
techniques  and  computations  described  above,  at  an  angle  of  attack  of  2 degrees.  These  data  are 
designated  with  the  symbol  The  numbers  1,  2 and  3 indicate  successive  approximations,  the  first 

being  a configuration  suggested  by  simple  calculations  representing  the  theoretical  perturbation 
distributions  for  the  0012  airfoil  in  unconfined  flow.  For  points  2 and  3 the  iterative  procedure 
described  above  was  carried  out.  This  Mach  number  (0.725)  is  above  the  theoretical  critical  value  for 
all  a's.  The  measured  pressure  distribution  at  « > 2°  confirmed  this,  and  a strong  upper-surface  shock 
wave  was  present. 


Figure  1:  Three-component  data  for  0012  airfoil  in  8-foot  and  1-foot 

Calspan  tunnels  at  Mach  number  0.55.  The  1-foot  tunnel  was  run  in 
the  configuration  simulating  conventional  ventilated  tunnels.  The 
theoretical  critical  a for  this  Mach  number  is  3.6°. 


o frFT  TUNNEL 
A 1-FT  TUNNEL  (SIMULATING 
CONVENTIONAL  TUNNEL) 

O CXCRIT. 


Figure  3:  Same  as  Figure  1 but  at  Mach  number  0.725;  also  results  of  three 

iterative  adjustments  of  plenum  pressures  according  to  Ferri-Sears  scheme 
at  a » 2°.  The  airfoil  is  above  critical  at  all  angles  of  attack  at  this 
Mach  number. 


We  conclude  -that  the  conventional  ventilated  wind  tunnel  may  have  large  wall  interference  at  these 
Mach  numbers  when  such  a large  model  is  tested.  We  also  conclude  that  the  iterative  adjustments  of 
plenum  pressures  rapidly  remove  boundary  interference. 


Experimental  data  are  not  yet  available  for  higher  Mach  numbers.  Numerical  simulations  have  been 
carried  out,  however,  for  an  airfoil  in  a tunnel  at  Mach  number  0.9.  For  these  studies  the  Murman-Cole 
technique  was  used  for  both  interior  and  exterior  flow  fields  — separately,  of  course.  Convergence 
is  found  to  be  rapid  especially  if  small  values  of  k are  used  — e.g.  1/4  to  1/10. 


Figure  4 shows  some  results  of  this  numerical  simulation.  The  model  was  assumed  to  be  a double- 
circular-arc  profile  at  zero  incidence  in  a stream  of  Mach  number  0.9.  Starting  with  a very  poor 
approximation  ("Iteration  No.  Q ") , the  process  of  iterative  matching  at  the  interface  at  h - 0.75c 
was  carried  out  successively.  After  11  iterations  the  pressure  distribution  on  the  airfoil  was  not 
distinguishable  from  that  of  unconfined  flow.  The  third  iteration  already  brought  the  distribution 
close  to  the  final  one. 
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Figure  4:  Results  of  numerical  simulation  of  successive 

iterations  at  Mach  number  0.9.  Double-circular-arc  airfoil 
at  a = 0.  Inner  and  outer  flow  regions  calculated  by  transonic 
small -diPtrubance  approximation. 


By  present-day  standards  the  Murman-Cole  finite-difference  approximation  is  rather  old-fashioned. 

M *-e  modern  methods  include  formulations  in  which  the  differencing  scheme  is  fully  conservative.  That 
is  before  the  derivatives  are  approximated  by  finite  differences  the  differential  equation  is  written 
in  divergence  form.  The  finite-difference  equation  is  then  a statement  that  mass  is  cor  erved. 

Fxperience  has  shown  that  substantial  improvements  in  flow-field  prediction  are  often  achieved  by 
this  refinement  — especially  that  the  positions  of  shock  waves  are  more  accurate.  We  have  therefore 
repeated  some  of  the  calculations  of  the  external  flow  field  just  mentioned,  using  a fully  conservative 
differencing  scheme  prepared  by  Dr.  N.  J.  Yu  of  the  University  of  Arizona.  The  result  shows  that  in 
this  case  there  is  very  little  difference  between  the  conservative  and  non-conservative  results.  Of 
course,  the  fully  cors.  *vative  scheme  is  preferred  for  future  applications. 

Finally,  an  observation  concerning  the  process  of  wall  adjustment  in  response  to  an  error 
distribution  6u  n : how  does  one  adjust  one’s  plenum  pressures  to  change  um(n)  to  um^n^  + k6u^n^? 

For  the  two-dimensional  tunnel,  this  has  turned  out  to  be  rather  straightforward.  The  tunnel  operator 
simply  begins  at  the  plenum  chambers  farthest  upstream  — top  and  bottom;  he  adjusts  their  valves  to 
give  the  desired  6u^n'  at  the  measuring  station  immediately  downstream,  and  proceeds  to  set  each  valve 
in  this  way,  working  from  up-to  downstream.  Each  change  affects  stations  downstream  but  has  only  small 
effects  upstream;  therefore,  when  this  process  is  repeated  two  or  three  times,  the  desired  u-distr ibution 
is  obtained.  It  is  predicted  that  it  will  not  be  a serious  problem  in  three-dimensional  embodiments 
as  well. 


APPLICATION  OF  THE  COMPUTER  FOR  ON-SITE  DEFINITION  AND  CONTROL 
OF  WIND  TUNNEL  SHAPE  FOR  MINIMUM  BOUNDARY  INTERFERENCE 
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SUMMARY 

The  use  is  described,  of  flexible  top  and  bottom  walls,  as  a means  of  eliminating 
or  minimising  wall  interference  effects  on  two-dimensional  wind  tunnel  models.  Strategies 
for  producing  streamline  contours  and  their  extension  to  three  dimensions  are  discussed. 
Errors  due  to  theoretical  assumptions  and  practical  implementation  are  explored  so  that 
computational  resolution  can  be  made  consistent.  The  need  for  efficient  and  rapidly 
convergent  algorithms  for  wall  adjustment  is  stressed  and  discussed.  These  must  be 
developed  in  order  to  reduce  the  current  data  acquisition  times  and  make  feasible  the 
present  aim  to  incorporate  an  on-line  minicomputer  for  automatic  wall  control.  Results 
are  presented  showing  the  correctness  of  the  strategies  used  to  date  with  manual  wall 

[adjustment. 

SYMBOLS 


a,a(n) 

Cross  section  coordinates 

M 

Mach  number 

al 

Lift  curve  slope 

Rc 

Reynolds  number  based  on  chord 

c 

Wing  chord 

u,v,w, 

U,vn,dv 

Velocity  components 

CL'CD 

Lift  and  drag  coefficients 

X/Xl-Y/yi 

£,ds,r 

Coordinates 

Cp ' Cpi 

Pressure  coefficients 

6 

/l  - M2 

Ki,K2 

R,R! 

Functions  used  in  the  three- 
dimensional  strategy 

6 

Velocity  error  function 

h 

Tunnel  height 

Y^/dr 

Vorticity 

L 

Tunnel  semi-length 

n ,<1/ , e , y 

Angular  coordinates 

1.  INTRODUCTION 


The  practice  of  correcting  wind  tunnel  data  arises  because  the  test  flowfield  is 
restricted  in  extent  in  all  directions  by  the  dimensions  of  the  test  section,  while  the 
aircraft  represented  by  the  model  operates  normally  in  a flowfield  which  extends 
effectively  to  infinity  in  all  directions.  The  constraints  of  the  bounds  of  the  test 
section  interfere  with  the  flow  over  the  model  and  it  is  unfortunate  that  the  magnitudes 
of  the  required  corrections  for  the  interference  are  somewhat  uncertain.  However,  since 
the  corrections  reduce  with  increasing  size  of  test  section  and  by  the  employment  of  test 
section  wall  ventilation,  it  has  been  normal  practice  to  reduce  the  uncertainty  by  the 
exploitation  of  one  or  both  of  these  devices.  These  considerations  coupled  with  the  fact 
that  test  values  of  Reynolds  number  are  usually  rather  low  in  comparison  with  flight 
values  have  resulted  in  present  and  planned  wind  tunnels  which  are  large  and  expensive  in 
terms  of  capital  outlay  and  operating  costs. 

A further  source  of  flow  interference  which  is  again  of  uncertain  magnitude  is  the 
model  support  sting  and  strut.  In  wind  tunnel  testing  the  interference  can  be  eliminated 
by  the  use  of  magnetic  suspension  for  the  model,  where  the  magnetised  model  is  restrained 
by  an  electro-magnet  system  outside  the  test  section.  However  the  bulkiness  of  the 
conventional  types  of  test  section,  particularly  the  ventilated  type  having  a plenum 
chamber  around  the  test  section,  has  so  far  prevented  the  large  scale  exploitation  of 
magnetic  suspension  because  costs  rise  rapidly  with  increase  of  the  distance  between 
model  and  electro-magnets. 

As  a possible  means  for  reducing  this  separation  a proposal  was  made  in  1972 1 that 
the  test  section  walls  should  be  curved  around  the  model  in  such  a way  that  they  followed 
a stream  tube  that  would  have  existed  around  the  same  model  in  free  flight.  In  this  way 
the  wall  interference  would  be  eliminated,  removing  the  need  for  a plenum  chamber  and  also 
allowing  the  walls  and  therefore  the  electro-magnets  to  be  positioned  close  to  the  model. 
Since  the  shapes  of  such  stream  tubes  change  strongly  with  model  attitude  and  also  with 
Mach  number  in  the  transonic  range  the  walls  would  need  to  be  flexible,  capable  of 
accepting  double  curvature.  In  view  of  the  apparent  mechanical  complexity  of  such  a test 
section,  it  was  decided  to  exploit  the  notion  first  in  two-dimensional  testing,  since 
important  economic  advantages  would  reward  its  successful  development.  In  such  a test 
section  the  stream  tube  can  be  regarded  simply  as  a pair  of  streamlines,  only  two  of  the 
four  walls  are  required  to  be  curved  and  these  only  in  single  curvature. 

It  was  crucial  to  devise  reliable  means  for  checking  that  the  curved  walls  follow 
streamlines.  A streamlining  criterion  was  proposed1,  which  has  been  used  for  the  past 


m 
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three  years  in  two-dimensional  testing,  and  is  illustrated  in  Fig. 1.1.  A set  of 
streamlines  is  shown  as  would  have  existed  around  the  two-dimensioanl  aerofoil  in  an 
infinite  flowfield.  Two  arbitrary  streamlines  are  selected  to  be  followed  by  the  curved 
walls.  Since  the  pressure  field  is  continuous  in  the  absence  of  shock  waves  it  was 
proposed  to  use  the  local  equality  at  the  wall  of  static  pressure  produced  by  the  real 
part  of  the  flow  inside  the  test  section  with  a static  pressure  on  the  outside  computed 
for  an  imaginary  flowfield  passing  over  the  same  streamline  contour.  In  general  there  is 
a mismatch  between  the  pressures,  and  the  walls  are  moved  in  an  iterative  manner  with  a 
jacking  system  until  a satisfactory  match  is  obtained,  independently  for  the  two  walls. 

At  this  stage,  data  can  be  taken  on  the  model.  Note  that  the  viscous  effects  at  the 
model  are  contained  within  the  test  section.  The  walls  reside  in  portions  of  the  flowfield 
which  behave  essentially  as  though  inviscid,  and  therefore  the  computations  of  the 
imaginary  flowfields  can  be  utilised  with  confidence. 

Although  a two-dimensional  example  has  been  used  to  illustrate  the  streamlining 
criterion,  and  the  majority  of  this  paper  is  devoted  to  two-dimensional  work,  the  same 
criterion  is  equally  valid  for  the  more  general  case  of  three-dimensional  model  testing. 
Section  2.3  outlines  a method  which  allows  the  computation  of  the  three-dimensional 
imaginary  flowfield,  and  promises  the  means  for  convergence  of  walls  in  very  few  iterations. 

It  should  be  noted  that  the  wind  tunnel  itself  provides,  from  measurements  at  the 
walls,  all  the  information  needed  for  the  streamlining  process.  The  local  sign  and 
magnitude  of  the  mismatch  between  real  and  imaginary  wall  pressures  indicates  the 
direction  and  magnitude  of  the  wall  movement  required  locally.  There  is  a continuous 
exchange  of  information  between  tunnel  wall  and  computer,  hence  the  use  of  the  term 
"self  streamlining".  The  process  also  is  ideal  for  closed-loop  control  by  on-line 
computer,  because  rapid  acquisition  of  wall  pressures  coupled  with  the  rapid  computation 
and  setting  of  the  next  contour  is  of  vital  importance  since  this  time  is  unproductive  in 
terms  of  model  data  acquisition. 

The  self  streamlining  wind  tunnel  is  still  in  development,  and  is  moving 
progressively  from  an  initial  stage  involving  the  use  of  a low  speed  wind  tunnel  operated 
in  an  open-loop  mode  with  a modest  involvement  of  computers,  towards  the  development  of  a 
transonic  test  section  with  automated  adjustment  of  wall  contours  by  online  computer. 

The  ultimate  development  might  be  the  three-dimensional  flexible  walled  test  section. 

This  report  is  a statement  of  the  recent  stage  of  development. 

2.  WALL  ADJUSTMENT  STRATEGY  AND  COMPUTATIONAL  IMPLEMENTATION 

2 . 1 Initial  two-dimensional  method 

This  method  has  been  developed  in  conjunction  with  a low  speed  wind  tunnel  and 
minicomputer.  A schematic  cross  section  through  the  test  section  of  the  low  speed  tunnel 
is  given  on  Fig. 2.1.  Indicated  are  the  manual  jacking  points  on  the  top  and  bottom  walls 
from  which  data  is  taken  for  use  in  the  streamlining  process.  The  essential  data  are  the 
wall  contours  and  wall  centreline  static  pressure  distributions  and  the  free  stream 
reference  conditions.  Since  the  section  has  finite  length,  the  streamlines  near  the  two 
ends  are  not  parallel  to  the  free  stream,  an  effect  which  is  particularly  apparent  in  the 
important  case  of  lifting  models.  Therefore  adapter  portions  are  included  to  blend  the 
non-horizontal  ends  of  the  streamlined  portion  into  the  other  horizontal  and  fixed 
portions  of  wind  tunnel  circuit.  The  nominal  depth  of  the  test  section  is  1.1  wing  chords, 
and  the  length  of  streamlined  wall  is  about  5.1  chords  equally  disposed  about  the  wing 
quarter-chord  point.  The  wing  chord  is  13.72cm,  5.4  inches.  It  is  shown  in  section  3.3 
that  the  truncation  of  the  test  section  length  in  this  manner  introduces  only  a small 
end-interference. 

T!  e first  step  in  computing  an  imaginary  flowfield  (one  of  these  passes  over  the 
top  wall,  the  other  under  the  lower  wall)  is  to  correct  the  geometrical  wall  contour  for 
boundary  layer  displacement  thickness,  since  it  is  the  contour  of  this  thickness  which 
is  effective.  A program  solving  the  momentum  ir.< egral  equation  provides  the  correction 
and  the  effective  contour.  In  a second  program  the  wall  is  represented  by  the  envelope 
of  the  flow  of  a set  of  sources  and  sinks  distributed  along  a straight  line  lying 
parallel  to  the  freestream  and  positioned  fairly  close  to  the  wall.  In  the  case  of 
lifting  models  it  was  found  necessary  to  represent  the  slope  of  a wall  streamline  well 
upstream  and  downstream  of  the  ends  of  the  test  section  in  order  to  achieve  sufficiently 
accurate  predictions  of  wall  pressures.  The  necessary  information  allowing  the 
computation  of  the  wall  slopes  beyond  the  extremities  of  the  test  section  is  again 
available  from  wall  measurements  in  the  test  section. 

An  example  of  part  of  a wall  contour  for  which  an  exact  solution  for  surface 
pressure  coefficient  is  available  is  shown  on  the  upper  half  of  Fig. 2. 2.  The  contour 
represents  the  lower  test  section  wall  streamlined  around  a non-lifting  two-dimensional 
cylinder.  The  exact  pressure  coefficient  distribution  is  given,  together  with  that 
computed  (Cpi)  for  the  lower  imaginary  flowfield  from  the  source/sink  model.  There  is 
satisfactory  agreement. 

The  strategy  for  wall  adjustment  has  been  to  move  the  wall,  where  significant 
differences  between  the  measured  pressure  and  Cpi  exist,  towards  the  higher  of  the  two 
by  an  amount  proportional  to  the  difference.  Tne  convergence  on  to  the  streamline 
shape  is  usually  monotonic,  taking  around  eight  iterations. 
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The  procedure  so  far  developed  allowed  principles  to  be  proved,  but  is 
unsatisfactory  for  regular  use  because  of  its  slowness  arising  from  several  sources. 

Much  of  the  work  was  manual,  for  example  the  setting  of  the  jacks,  the  measurement 
of  pressures,  and  the  feeding  of  data  into  the  computer.  The  computation  of  the 
imaginary  flowfields  itself  was  lengthy  on  the  mini-computer,  taking  typically  one  hour 
of  computer  time  per  pair  of  computations.  It  can  be  seen  that  many  hours  of  work  are 
required  in  order  to  establish  just  one  pair  of  streamlines.  Following  this  lengthy 
process,  just  one  set  of  data  can  be  taken  on  the  model.  Tunnel  users  will  see  that 
a reduction  of  the  time  for  streamlining  by  perhaps  three  orders  of  magnitude  is 
required  if  this  type  of  test  section  is  to  be  practical. 

In  the  following  sections  are  introduced  the  means  by  which  it  is  proposed  to 
implement  the  necessary  speed-up.  It  is  proposed  to  reduce  the  required  number  of 
iterations  per  streamlining,  and  to  couple  a larger  computer  to  the  tunnel  for  the 
closed- loop  control  of  wall  contours. 

2 . 2 A predictive  method  for  two-dimensional  wall  adjustment 

In  order  to  increase  the  rate  of  convergence  of  wall  adjustment,  an  alternative 
strategy  to  the  one  used  successfully  to  date  (as  outlined  in  the  previous  section)  was 
sought.  Rapid  convergence  and  as  simple  a program  as  possible  are  needed  in  order  to 
realise  the  aims  of  an  on-line  computer  application. 

The  basis  of  this  second  method  is  illustrated  here  by  application  to  a single 
wall  in  a form  suitable  for  iteration.  Iteration  is  still  necessary  because  the  pressure 
and  velocity  fields  of  the  model  will  change  after  the  wall  adjustment  and  resultant 
interference  reduction.  In  the  case  of  the  Southampton  tunnel,  streamline  flow  is  obtained 
by  solid  wall  contouring  using  surface  pressure  measurements,  rather  than  by  velocity 
component  adjustment  at  a control  surface,  as  in  the  Calspan  approach2.  This  allows  the 
mismatch  between  internal  measured  and  external  calculated  tangential  velocity  components 
at  the  wall  to  be  regarded  as  determining  a local  strength  of  vorticity  in  a sheet 
replacing  the  wall.  Moreover,  the  normal  velocity  induced  at  the  wall  by  this  vorticity 
just  balances  the  components  from  the  undisturbed  free  stream  and  the  model.  The  free 
stream  component  is  known  because  the  wall-shape  is  given;  the  model  component  normal  to 
the  wall  is  therefore  obtained  as  the  difference  between  the  free  stream  and  vortex  sheet 
components.  The  predictive  method  for  wall  adjustment  now  requires :- 

(1)  the  calculation  of  a change  in  local  wall  slope  so  that  an  increment 
in  free  stream  normal  velocity  component  just  cancels  that  due  to 
the  mode  1 , and 

(2)  the  integration  of  wall  slope  to  give  the  new  wall  position. 

This  may  be  formulated  mathematically  using  the  arrangement  shown  in  Fig. 2. 3 for  a single 
(upper)  wall.  A wall  shape  yn-l  (x)  has  been  set  and  the  internal  velocity  distribution 
un_i(x)  measured  using  the  wall  static  pressures.  The  external  velocity  distribution 
vn-l (x)  can  be  calculated  for  shape  yn-l ( x ) in  a free  stream  flow  U.  The  new  wall 
position  is  given  by:- 


yn(x)  = yn-l(x)  + ayn-l(x) 


where  the  increment  6yn-1 (x)  is  obtained  from:- 
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It  should  be  noted  that  no  assumption  need  be  made  here  about  how  the  model  produces  its 
velocity  field.  Indeed,  the  interference  from  the  lower  wall  would  also  be  included  in 
un-l(x).  The  form  of  equation  2.1  is  similar  to  that  used  for  the  unconstrained 
incompressible  flow  condition2'3  but  is  an  approximation  here  because  the  wall  and  hence 
the  vortex  sheet,  is  not  flat  in  general.  Since  all  self-correcting  or  self-streamlining 
tunnel  principles  involve  the  use  of  an  imaginary  and  calculated  external  field,  it  is 
imperative  that  the  theoretical  bases  should  be  justified  at  all  stages  and  that  the 
errors  resulting  from  any  simplification  be  consistent  with  the  errors  associated  with 
numerical  analysis  and  mechanical  setting  tolerances.  The  simplifications  in  deriving 
equation  2.1  are  considered  further  in  Section  3.1. 

Computational  care  is  required  in  obtaining  the  principal  value  of  the  integral 
in  equation  2.1.  The  method  adopted  has  been  to  use  a piecewise  cubic  spline  fit  and 
local  analytic  integration  followed  by  numerical  summation.  The  numerical  integration 
to  obtain  Ayn-l(x)  is  straightforward. 

When  the  strategy  of  equation  2.1  is  applied  to  a single  wall,  a slight  but 
desirable  overshoot  in  wall  adjustment,  as  verified  by  application  to  simple  flows  with 
known  exact  solutions.  No  attempt  is  therefore  made  to  factor  the  adjustment  because  of 
a major  advantage  in  the  calculation  of  the  external  flow  field  obtained  by  retaining  an 
unmodified  equation  2.1.  The  external  velocity  vn(x)  for  the  shape  yn(x)  is  shown  in 
Fig. 2. 4 and  can  be  determined  by  representing  the  boundary  again  as  avortex  sheet.  The 


r 
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normal  velocity  boundary  condition  results  in  an  approximate  equation  identical  with 
equation  2.1  but  inverse  in  nature.  Comparison  of  the  two  equations  shows  that 


Vx)  * *Cun-l(x)  +vn-l(x)3  2-2 

It  is  therefore  not  necessary  to  calculate  the  external  velocity  for  the  new  shape  y n(x) 
since  it  can  be  obtained  from  velocity  components  already  available,  provided  the 
strategy  in  equation  2.1  is  used  to  determine  yn(x).  However,  it  is  necessary  to  have 
a known  initial  external  velocity  distribution  and  this  can  be  achieved  simply  by  starting 
with  a straight  wall  so  that 

vQ(x)  = U,  constant. 

When  the  strategy  is  applied  to  both  tunnel  walls,  a divergent  process  can  result. 
This  arises  from  the  strong  interaction  between  the  walls  which,  for  long  wavelength 
components  of  wall  movement,  may  be  regarded  as  a one-dimensional  continuity  effect. 
Convergence  can  be  obtained  by  feeding  a proportion  of  the  demanded  movement  for  one  wall 
to  the  other. 

2 . 3 Wall  adjustment  strategy  for  three-dimensional  subsonic  flow 

The  extension  of  the  method  of  section  2.2  to  three-dimensional  flow  is  conceptually 
straightforward.  A close  parallel  can  be  drawn  with  the  extension  of  thin  aerofoil  section 
theory  to  finite  wings  of  arbitrary  plan  form.  A lifting  surface  representation  of  the 
tunnel  surface  is  therefore  sought  which,  because  of  its  non-planar  nature,  will  lead  to 
kernel  functions  in  the  surface  integrals  which  are  much  more  complicated  than  for  the 
flat  wing.  Various  developments  of  lifting  surface  theory  are  possible.  Here  an  elemental 
vortex  system  is  used  and,  by  summing  over  the  tunnel  surface,  the  velocity  normal  to  the 
boundary  is  found  at  any  position.  The  normal  velocity  is  used  as  before  to  determine  the 
required  streamwise  slope  of  the  streamline  boundary  and  hence  the  new  coordinates. 

A general  formulation  has  been  developed  with  the  tunnel  shape  represented  as  a 
cylinder  of  general  cross-section.  The  difference  between  inner  and  outer  velocities  at 
the  wall  gives  the  local  strength  of  the  vorticity  component  normal  to  the  tunnel  flow. 

In  order  to  satisfy  the  Helmholtz  condition  on  circulation,  this  vorticity  must  be 
associated  with  a trailing  vortex  pair.  This  is  shown  in  Fig. 2. 5 as  the  line  ABCD.  A 
section  through  the  tunnel  at  the  vortex  head  is  shown  in  Fig. 2. 6 where  the  cross-section 
is  defined  in  terms  of  polar  coordinates  a(n)  and  n.  The  vortex  element  BC  is  given  in 
vector  form  as 


— = Yv(x1,n)dx1  ds  2.3 

where  yv(x, ,n)  is  the  local  vorticity  strength  and  ds  is  the  vector  corresponding  to 
the  element  of  circumference  with  magnitude  ds.  The  velocity  dv  induced  at  a general 
point  Q is  given  formally  by  the  Biot-Savart  law  in  the  form:- 


2.4 


the  vortex  element. 

AB  in  Fig. 2. 5 where  the  element  at 


d£  2.5 

This  can  be  integrated  with  respect  to  5 over  the  length  AB  and  the  corresponding 
contribution  from  vortex  DC  found  in  a similar  way.  The  difference  between  the 
contributions  is  proportional  to  dn , the  angular  difference  between  the  polar  coordinates 
of  B and  C in  Fig. 2. 6.  At  the  general  point  Q in  Fig. 2. 5,  the  total  normal  velocity 
vn(x,e)  is  found  from  equation  2.4  by  integrating  YvCx^n)  over  the  whole  surface. 

The  result  may  be  presented  in  various  ways  and,  in  practice,  the  best  form  will 
be  determined  by  the  arrangement  of  jacks  for  controlling  wall  position.  For  example, 
it  may  be  convenient  to  move  a wall  portion  according  to  its  Cartesian  rather  than  polar 
coordinates.  For  the  present  paper,  a simplified  result  is  given  for  a tunnel  of  circular 
cress-section  (radius  a) . The  normal  velocity  component  is  then  the  radial  component  and 
wal.  control  could  be  obtained  by  simple  jack  movements  along  radial  directions.  The 
induced  velocity  is 

, +«  2n 

vn(x,9)  = / dx^  / dn  Yv(x1,n)  {Ex  (e  (x.Xj^  ,e  ,n) 


. dr  x r 

dv  = -jp r— 

— 4 » i _ i 3 


where  r is  the  vector  position  of  Q with  respect  to 

Equation  2.4  is  also  used  for  the  vortex  leg 
P has  a strength 

dr  = yv (x1,n)dx1 


+E2  (6 , n)  [2Kj_ (x,x^,e  ,n)  + k2  (x,x1(  e ,n)]  } 
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where 


( 0 » n ) 
E2  (6  ,n) 
Rx ( e , n ) 
(x,xlfe,n) 

k2  (XjX^o  ,n) 
2 

and  R (x,x^,e,n) 


-a  R^ (9 ,n) cos (n  - 0) 

a3[sin(n  + 0)  - sin20jsin(n  - 0) 

2a2  [l  - cos(n  - eO 

[l  + (x  - O/Rtx.x^,^],^2  (0,n) 

6(x  - 5)/R1(6,n)R3(x,x1,0,n) 

(x  - e)2  + 62Rx  (0  ,n) 


The  result  has  been  developed  for  subsonic  flow  through  the  use  of  the  Prandtl-Glauert 
correction  factor 

6 = / 1 - M2 


M being  the  flow  Mach  number.  As  usual  in  lifting  surface  integrals,  the  numerical 
integration  requires  care  in  dealing  with  the  singularities  associated  with  x,  = x and 
n = 0<  but  a method  of  local  analytic  integration  similar  to  that  used  in  Section  2.2  is 
expected  to  be  adequate.  A double  cubic  spline  surface  fit  would  now  be  required. 

In  the  general  application  of  the  three-dimensional  method,  there  is  an  infinite 
number  of  stream  tubes  which  can  be  chosen,  although  only  one  will  have  a cross-section 
at  the  upstream  end  which  matches  the  fixed  tunnel  geometry.  If  this  particular  stream 
tube  is  chosen  then  there  will  not  in  general  be  a matching  at  the  downstream  end  and 
some  tailoring  is  required.  It  may  be  better  to  choose  a stream  tube  whose  cross-section 
shape  at  the  model  is  convenient  from  an  implementation  point  of  view.  Tailoring  would 
be  required  upstream  and  downstream  but  stream  tube  discrepancies  in  these  regions  produce 
much  smaller  interference  errors  than  similar  discrepancies  in  the  model  region. 

In  this  section,  the  foundation  has  been  laid  for  a wall  adjustment  strategy  in 
three-dimensional  flow.  The  exact  formulation  and  computer  program  have  not  been  attempted 
because  they  will  be  determined  by  the  physical  way  that  wall  movement  is  obtained.  At 
the  present  time,  it  is  not  clear  what  would  be  the  best  engineering  approach. 

2 . 4 Test  data 


The  low  speed  test  section  illustrated  on  Fig. 2.1  has  been  utilised  in  demonstrating 
the  effectiveness  of  the  wall  streamlining  concept,  with  two  types  of  two-dimensional  model 
The  aim  in  these  tests  was  to  show  from  measurements  of  pressure  distributions  around  their 
surfaces  that  they  were  experiencing  within  the  narrow  confines  of  the  test  section  the 
same  aerodynamic  forces  as  in  an  infinite  flowfield. 

The  first  model  was  a circular  cylinder,  chosen  for  its  simplicity  and  because  its 
surface  pressure  distribution  is  well  known,  and  also  because  the  flow  separation  and 
therefore  thick  wake  would  provide  a fairly  severe  test  of  the  new  test  section  and 
proposed  methods  of  streamlining.  Some  of  the  data  taken  on  this  model  with  the  walls 
straight  and  also  streamlined  is  shown  on  Fig. 2. 7,  together  with  other  published  data  at 
the  same  Reynolds  number  for  comparison.  The  data  marked  29.2%  blockage  is  entirely 
uncorrected  and  was  taken  in  the  self  streamlining  test  section.  Blockage  is  the  ratio 
of  cylinder  diameter  to  depth  of  test  section.  The  other  data  at  lower  levels  of  blockage 
were  taken  by  Fage  and  Falkner1*  in  a straight-walled  test  section  and  is  shown  uncorrected 

and  also  corrected  for  blockage  effects  by  the  methods  of  Allen  and  Vincenti^.  The 

agreement  between  this  corrected  data  and  that  taken  in  the  self  streamlining  wind  tunnel 
at  high  blockage  but  with  the  walls  streamlined  is  very  good,  demonstrating  the  ability  of 
the  streamlining  procedure  to  accommodate  separated  flows. 

The  second  model  is  a wing  of  NACA  0012-64  section  which  has  been  tested  in  a deep 
test  section  to  obtain  its  free-air  behaviour.  The  tests  were  carried  out  in  LTPT  at  NASA 
Langley  Research  Center,  the  test  section  being  213.4cm  (84  inches)  deep  and  the  wing  chord 
is  13.72cm  (5.4  inches).  The  LTPT  pressure  distribution  data  with  the  wing  at  6 degrees 
angle  of  attack  is  shown  on  Fig. 2. 8,  together  with  data  taken  on  the  same  wing  and  at  the 
same  Reynolds  number  in  the  15.24cm  (6  inch)  deep  flexible  walled  test  section.  The  wing 
pressure  distribution  obtained  with  the  flexible  walls  straight  is  included  in  order  to 
illustrate  the  magnitude  of  the  wall  interference  effects  that  would  have  been  present 

had  it  not  been  possible  to  properly  contour  the  walls  to  streamlines.  It  can  be  seen 

that  in  the  presence  of  streamlined  walls  the  surface  pressure  distribution  reverts  almost 
exactly  to  the  LTPT  data  despite  the  fact  of  the  flexible  walled  test  section  being 
shallower  by  about  93%.  For  clarity,  the  LTPT  and  straight  wall  results  in  Fig. 2. 8 are 
shown  as  lines  although  they  are,  in  fact,  discrete  point  measurements. 

3.  COMPUTATIONAL  RESOLUTION  AND  ERROR  ASSESSMENT 

The  major  sources  of  error  in  obtaining  interference  free  flow  may  be  summarised 
as 


(1)  Theoretical  bases  of  wall  adjustment  strategy. 


6-6 


(2)  Numerical  analysis  and  computation. 

(3)  Implementation  problems  such  as  finite  length  of  adjustable 
test  section. 

(4)  Mechanical  tolerances  in  wall  setting. 

The  computational  error  can  readily  be  made  less  critical  than  the  other  three  but  at  the 
expense  of  increased  program  sophistication  and  computer  run  time.  For  on-line  control  of 
wall  position  using  limited  capacity  computers  this  trend  is  undesirable.  It  is  then  more 
efficient  to  develop  as  simple  a program  as  possible  with  numerical  process  errors 
compatible  with  those  from  the  other  three  sources.  It  is  therefore  important  to  have 
some  knowledge  of  the  magnitude  of  these  to  ensure  total  consistency.  Economic  penalties 
will  also  be  incurred  if  too  close  a practical  tolerance  is  demanded  at  any  particular 
stage.  Consideration  is  given  in  this  section  to  some  of  the  error  sources  in  order  to 
obtain  test  section  design  parameters.  The  errors  have  been  expressed  in  terms  of  the 
aerodynamic  interference  at  the  model  since  this  is  the  ultimate  measure  of  acceptability. 

3. 1 Error  due  to  wall  adjustment  strategy  (two-dimensional) 

The  predictive  strategy  represented  by  equations  2.1  and  2.2  has  an  approximate 
theoretical  basis  because,  in  general,  the  walls  and  equivalent  vortex  sheets  are  not 
flat  so  that  both  the  normal  and  tangential  velocity  components  are  in  error.  Since 
the  first  iteration  away  from  the  straight  wall  provides  the  bulk  of  the  wall  correction, 
this  is  used  as  the  basis  for  the  following  error  estimation. 

For  an  internal  velocity  distribution  uQ(x)  at  the  straight  wall,  equation  2.1  gives 
the  new  wall  position  as  y^ (x)  = ayQ(x)  where 


dyx  x +»  [uoU)  - u] 


dx  2tiU 


U - x) 


dx 


3.1 


The  flow  external  to  this  shape  y^  (x)  could  be  obtained  by  replacing  the  surface  with  a 
distribution  of  vorticity  Yv(x)  and  satisfying  the  exact  normal  velocity  boundary 
condition :- 


dy,  , +» 

u -5T  = 27  ' 


[(x  - 6)  + (y^x)  - yx  / dy 

[(X  - c)2  + (yx (X)  - yx (e ) ) ^]  "3*~ 


3.2 


For  all  anticipated  wall  shapes  it  may  be  as 
(yi(x)  - y.(£))2  <<  (x  - £)2  so  that  equatio 


equation  3.2  can  be  expanded  to  give 


dy,  , +“>  y 

u - T7  ' 


V(C)  / dyx  2 (y^x)  - y^O)  dyx  (y^x)  - y 

(x~>  v 1 + (irr)  {1  + nr^T5 “asr  _ r\2 


) )‘ 


->de 


(X  - 5)' 


3.3 


dy,  4 

where  terms  of  order  (-; — ) have  been  neglected  in  the  integrand.  To  the  same  order  of 
accuracy  it  is  found  tfiai  the  external  tangential  velocity  v.  (x)  is  given  by  the  exact 
equation  as:-  le  


vle<x)  = 


/ ^7 

/ 1 + <-3^ 


- h Y„(x) 


3.4 


The  external  tangential  velocity  v, (x)  is  given  by  the  approximate  strategy  of  equation 
2.2  as:- 


Vi<x)  = *s[uo(x)  + u] 

The  difference  Av(x)  = v,  (x)  - v. (x)  represents  the  error  in  tangential  velocity 
resulting  from  the  approximate  strategy,  correct  to  order 


3.5 


dyi  ‘ 

<^r>  • 

Some  manipulation  of  equations  3.1  to  3.5  is  necessary  to  put  av(x)  in  a convenient 
form  for  assessment.  First  the  vorticity  Yv(x)  is  replaced  using  the  following 
substitution:- 


r 

Y„(x)  / 1 + 


dyl  ‘ 

«d3T> 


-[uo(x)  - u]  + 6 (x) 


3.6 
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where  & (x)  will  always  be  small  in  practice  compared  with  uQ(x)  - U.  Equations  3.4,  3.5 

dyl  2 

and  3.6  then  give  to  order  :_ 


U,dyi> 


Av(x)  - 6 (X)  - ) 


3.7 


To  a consistent  order,  equations  3.1,  3.3  and  3.6  yield:- 


,+“  Me)  ,+”  K(5)  ‘ U1  ,(yi(x)  " yiu))  dyi  (yi(x)  _ yiU)) 

L (x~-~£)  d^  = La  (x  - e)  { ~asr  (x  _ e)2  } d?  3-8 


Equation  3.8  can  be  inverted  to  obtain  A (x)  and  this  has  been  carried  out  for  a series 
of  simplified  forms  for  uQ(x)  - U and  yi(x),  representative  of  a model  consisting  of 
vortex,  source  and  doublet.  In  all  cases  the  maximum  value  j 6 (x ) | was  negligible 
compared  with  that  of 

dyl  2 
u('dT)  • 


It  may  therefore  be  concluded  that  the  velocity  error  at  the  wall  is 


4yJxJ.  „ 

U ’ ' dx  ' 


Because  of  the  distributed  nature  of  flv(x),  the  corresponding  velocity  error  &u  at  the 
model  will  be  somewhat  less  than  the  maximum  value  of  Av(x).  A conservative  estimate 
will  therefore  be  given  by 


= -Mmaximum  wall  slope)3 


If  the  model  is  a lifting  wing  section,  this  can  be  interpreted  as  a force  error  in  the 
form 


CL  128tt2 


«> 


2 


where  c is  the  wing  chord  and  h is  the  test  section  depth.  Even  with  a lift  coefficient 
of  5 and  c/h  = 1,  the  error  is  less  than  2%.  The  accuracy  of  the  wall  adjustment  strategy 
represented  by  equations  2.1  and  2.2  therefore  appears  adequate,  although  it  is  desirable 
to  monitor  the  maximum  wall  slope  as  a measure  of  the  enor. 

3. 2 Practical  wall  setting  errors 

Regardless  of  the  accuracy  of  the  wall  setting  strategy,  it  is  recognised  that  the 
flexible  walls  can  never  be  set  exactly  to  the  contours  computed,  but  must  lie  within  a 
tolerance  band.  In  this  section,  the  interference  effects  of  the  wall  setting  errors 
at  the  test  model  are  analysed  and  estimated. 

In  any  given  test  section  of  this  type,  there  are  likely  to  be  many  jacks  along 
each  wall,  and  position  errors  are  likely  to  occur  in  a totally  random  manner,  both  in 
location  and  magnitude,  within  the  tolerance  band.  The  current  low  speed  test  section, 
has  a wall  setting  accuracy  of  approximately  + 0.127mm  (+  0.005  inch  or  0.00093c)  and 
this  is  used  in  the  analysis.  Since  the  resulting  wall  errors  are  small,  interference 
effects  are  expected  to  vary  linearly  with  the  wall  tolerance  allowing  simple  scaling. 

In  the  analysis,  the  wall  setting  error  is  modelled  as  a bump  or  series  of  bumps 
in  an  otherwise  straight  walled  two-dimensional  test  section  and  represented  in  a 
potential  flow  model  as  an  equal  source/sink  pair  lying  on  the  wall  line,  combined  with 
a system  of  images.  The  source/sink  separation  is  taken  equal  to  multiples  of  the  jack 
spacing  (approx,  kc) . While  this  analytical  representation  of  the  wall  errors  is  less 
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than  ideal,  it  gives  reasonable  results  for  the  interference  effects. 

The  random  nature  of  the  wall  setting  errors,  provides  an  infinite  number  of 
magnitudes  of  intereference  effects.  Hence  interest  centres  on  the  maximum  va  ues  likely 
to  occur.  Probability  analysis  of  the  wall  setting  errors  has  shown  that  there  is  a 
small,  but  significant,  chance  of  a single  bump  occurring  in  the  flexible  walls.  The 
interference  effects  found  for  this  situation  is  taken  as  the  probable  worst  case.  The 
bump  must  then  be  close  to  the  test  model  for  maximum  effect,  thereby  limiting  the  number 
of  jacks  involved. 

Analysis  estimates  of  the  interference  for  a test  section  of  one  chord  depth  are 

Angle  of  Attack  error  0.025  degrees 
Induced  Camber  0.05  degrees 

Cp  error  0.0018  degrees 

These  three  effects  can  be  related  to  the  lift  coefficient  of  the  test  model  producing  a 
maximum  interference  as  a Cl  increment  of  about  0.002,  a value  which  is  insignificant,  in 
currently  envisaged  wind  tunnel  tests. 


It  must  however  be  noted  that  the  error  is  un-correctable , since  its  occurrence 
is  random  and  set  by  the  mechanical  limitations  of  the  test  section.  Nevertheless,  the 
designer  is  to  a large  extent  free  to  choose  the  tolerance,  within  cost  constraints,  but 
a limit  to  the  wall  setting  precision  must  exist  by  virtue  of  the  walls  being  positioned 
by  a finite  number  of  jacks.  Hence,  there  is  no  control  over  the  portions  of  the  flexible 
walls  between  the  jacks.  Significant  reductions  in  the  interference  effects,  could  however 
be  achieved  at  minimum  cost  by  reducing  the  tolerance  only  on  jacks  near  the  test  model. 

3 . 3 Errors  due  to  finite  test  section  length 

Limitations  on  the  length  of  test  section  which  can  have  adjustable  contours  mean 
that  the  tunnel  interference  cannot  be  eliminated  but  must  be  kept  instead  to  an  acceptable 
minimum.  Consideration  of  two-dimensional  lift  flow  indicates  significant  streamline 
angularity  with  respect  to  the  tunnel  centreline  at  moderate  Cl  values  even  at  distances 
of  5 to  10  chords  up  and  downstream  of  the  model.  The  presence  of  fixed  geometry 
terminations  therefore  leads  to  (1)  interference  because  the  free  streamline  is  not 
correctly  represented  and  (2)  possible  ambiguities  in  the  reference  line  for  model 
incidence  measurement. 


A theoretical  investigation  of  truncation  errors  was  therefore  made  using  the 
idealised  geometry  shown  in  Fig. 3.1,  where  the  solid  walls  are  represented  by  four 
semi-infinite  slits.  For  the  two-dimensional  case,  a conformal  transformation  can  be 
found  to  map  the  region  cut  by  the  slits  onto  the  upper  half  of  the  transformed  plane  as 
shown  in  Fig. 3.1.  The  incompressible  velocity  fields  of  the  vortex,  source  and  doublet 
in  tie  real  plane  are  readily  determined  by  developing  the  complex  potential  in  the 
transformed  plane.  Details  of  the  method  are  available  elsewhere^.  In  the  present  paper 
general  observations  are  made  and  important  results  presented. 


The  effect  of  the  streamline  section  in  Fig. 3.1  may  be  regarded  as  moving  the  wall 
disturbances  which  are  producing  the  interference  away  from  the  region  of  the  model  and 
confining  them  to  the  slits.  For  small  values  of  the  ratio  of  model  chord  c to  test 
section  semi-length  L,  estimates  of  interference  based  on  replacing  the  model  by  vortex, 
doublet  and  source  will  therefore  be  much  more  reliable  than  those  used  currently  for 
tunnel  corrections  with  totally  solid  walls  and  the  same  model  representation.  Moreover, 
if  the  wall  effects  can  be  regarded  as  providing  some  sort  of  mirror  image  with  respect 
to  the  slit  ends,  it  can  be  seen  intuitively  that  the  vortex  and  source  interferences 
will  vary  inversely  with  2L  and  the  doublet  interferences  inversely  with  (2L)  . 

The  theory6  suggests  that  an  ideal  arrangement  for  minimising  truncation  errors 
is  as  shown  in  Fig. 3.2.  Here  the  model  (defined  by  its  lift  centre)  is  located  on  the 
centreline  and  mid-way  between  the  ends  of  the  flexible  section.  The  symmetry  of  this 
arrangement  produces  a zero  angle  of  attack  error  for  all  values  of  h/L.  If  the 
separation  between  the  downstream  walls  cannot  be  increased  by  the  wake  displacement 
thickness,  a wake  blockage  will  occur.  The  lift  interference  will  arise,  as  in  the  case 
of  the  fully  solid  tunnel,  as  a streamline  curvature  at  the  model  which  is  interpreted 
here  as  an  equivalent  camber.  For  design  purposes  the  following  results,  applicable  to 
the  case  of  large  L/h,  are  useful :- 

ACl  a^  ^ c 2 

Streamline  curvature:  — » - yy  • (y) 


Wake  blockage: 


4 IT 


£ 

L 


where  a,  is  the  model  lift  curve  slope.  An  interference  less  than  1%  is  obtained  by  an 
adjustable  section  length  of  5 to  6 chords.  Using  the  Prandtl-Glauert  compressibility 
factor,  it  is  found  that  even  at  a tunnel  flow  Mach  number  of  0.8  the  length  requirement 
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only  increases  by  about  30%. 

In  summary,  it  has  been  shown  in  the  various  parts  of  this  section  that  acceptable 
interference  levels  can  be  achieved  with  reasonable  tunnel  dimensions  and  tolerances. 

These  tolerances  determine  the  resolution  and  accuracy  required  of  the  numerical  methods 
and  computation. 

4.  INCORPORATION  OF  ON-SITE  COMPUTER  FOR  A NEW  TRANSONIC  FACILITY 

It  is  intended  that  the  new  transonic  self  streamlining  test  section  currently 
being  designed,  will  be  completely  automated  both  for  flexible  wall  contouring  and  data 
acquisition  from  the  test  model,  thereby  providing  a rapid  system  for  obtaining  two- 
dimensional  aerofoil  data,  and  also  progressing  towards  a fully  operational  self- 
streamlining facility. 

The  incorporation  of  the  computer  with  self-streamlining  test  sections  is  not  new, 
but  an  on-line  computer  interface  efficiently  replaces  the  present  manual  link.  Current 
design  work  envisages  a system  as  illustrated  by  the  block  diagram  in  Fig. 1.1,  employing 
an  existing  PDP  11/40  computer.  It  can  effectively  be  split  into  three  sections  from 
left  to  right:-  (1)  the  computer  on-line  wall  streamlining  control,  (2)  the  wind  tunnel 
itself  and  (3)  the  computer  dealing  with  data  reduction.  The  process  of  data  acquisition 
would  be  as  follows.  Using  the  wall  setting  strategy  described  in  Section  2,  the  flexible 
walls  would  be  set  initially  straight,  probably  driven  by  the  computer  to  pre-selected 
co-ordinates.  Then  with  the  wind  tunnel  running,  the  wall  pressure  Scanivalve  would  be 
activated  and  all  the  wall  static  pressure  tappings  scanned.  The  computer  then  uses  this 
data  to  compute  a new  set  of  wall  co-ordinates  by  methods  previously  described. 

The  control  then  enters  the  outer  system  loop  deciding  whether  the  movements 
computed  at  the  jacks  are  significant  or  not.  The  first  iteration  will  be  the  largest 
so  control  passes  into  the  inner  loop,  where  the  errors  between  present  and  demanded 
jack  positions  are  driven  to  zero  by  a system  involving  motorised  jacks  and  wall  position 
sensors  at  each  of  the  jacks. 

The  criterion  of  zero  error  satisfied,  control  drops  out  of  the  inner  loop  and 
the  outer  loop  is  repeated  because  the  wall  setting  strategy  is  an  iteracive  process. 

When  the  computed  jack  movements  are  within  the  tolerance,  the  flexible  walls  are  taken 
to  be  streamlined.  The  final  phase  of  the  operating  procedure  is  then  activated,  pressure 
data  is  acquired  by  the  computer  from  the  test  model,  immediately  reduced  and  the  results 
displayed  at  the  wind  tunnel. 

The  design  of  the  actual  two-dimensional  test  section  has  been  very  much  influenced 
by  the  on-line  control  system  envisaged  for  it.  At  each  jacking  point  on  the  flexible 
walls,  three  connections  into  the  control  system  are  required.  These  are  the  static 
pressure  tapping,  the  screw  jack  motor  drive  and  the  output  from  the  jack  position 
sensor,  as  shown  in  the  cross-section  view  in  Fig. 4. 2.  Employing  the  existing  rigid 
contraction,  diffuser  and  sidewalls,  the  basic  design  must  accommodate  the  planned  40  jack 
controls  in  close  proximity  to  one  another.  The  required  movements  of  the  flexible  walls 
have  been  analysed  and  the  jacks  are  designed  for  a maximum  movement  of  +.5"  from  a mean 
position. 

The  test  section  height  will  be  variable  between  approximately  8in  and  3in.  With 
an  envisaged  test  model  of  3in  chord,  the  minimum  test  section  height  will  be  of  order 
1 chord,  while  the  test  section  length  will  be  greater  than  10  chords.  Ultimately  the 
closeness  of  the  flexible  walls  to  the  test  model  will  probably  be  limited  by  the  shock- 
wave  growth  on  the  upper  surface,  which  will  be  monitored  by  sohlieren  methods.  Shock 
wave  reflections  from  the  walls  are  not  permissible  for  interference  free  conditions  at 
the  test  model. 

The  basis  of  incorporating  on-line  computer  control  for  a self-streamlining  section 
has  been  laid.  Detail  design  is  complicated  by  the  interaction  of  electronic,  mechanical, 
aerodynamic  and  cost  constraints.  However,  the  benefits  of  the  complete  system  are 
threefold: 

1)  Massive  reduction  in  wall  setting  time,  leading  to  more  efficient  use  of 
wind  tunnel  run  time. 

2)  More  systematic  operation  from  run  to  run. 

3)  A basic  procedure  more  readily  adapted  to  three-dimensional  testing. 

The  disadvantage  is  the  increase  of  complexity  of  the  whole  self-streamlining  test 
section. 

5.  CONCLUSIONS 

1)  Strategies  for  determining  streamline  wall  contours  in  two-dimensional  flow 
have  been  successfully  developed.  Comparison  of  model  results  with  interference  free 
data  shows  excellent  agreement. 

2)  The  two-dimensional  algorithms  have  been  extended  for  use  with  three-dimensional 
compressible  flows. 
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3)  Tunnel  design  parameters  such  as  test  section  length  and  wall  setting  tolerance 
have  been  considered  for  their  interference  contributions  and  hence  in  determining 
computational  resolution. 

4)  The  features  of  a fully  automated  self-streamlining  transonic  tunnel  design 
have  been  outlined.  On-line  computational  aspects  include :- 

(i)  Calculation  of  wall  setting  demand. 

(ii)  Control  of  wall  movement. 


(iii)  Model  data  acquisition. 
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RESUME 

La  m^thode  de  calcul  de  JOPPA  qui  d£coupe  les  parols  d'une  veine  de  soufflerie  en  61dments  rectangulai- 
res  d' intensity  tourbillonnaire  Inconnue  tlent  compte  des  dimensions  de  la  veine  et  de  la  nature  de  ses 
parols.  La  position  relative  de  la  maquette  dans  la  veine,  ainsi  que  sa  gdom^trie  et  sa  repartition  de 
circulation  en  envergure  permettent  de  calculer  les  perm£abilit£s  th4oriques  n£cessalres  en  tous  points 
de  parois  ventil^es  pour  minimiser  ou  annuler  leur  effet  au  droit  du  module. 

A lf inter leur  des  caissons  Stanches  qui  entourent  la  veine  d'essais  de  la  soufflerie  Sigma  4 (I.A.T. 

St  Cyr)  se  trouvent  des  plaques  flexibles,  pleines  et  mobiles.  Leur  d6placement  contribue  h faire  varier 
la  permeability  en  tous  points  des  parois  perfordes  de  la  veine. 

En  presence  de  la  maquette  (dont  les  caracter 1st iques  servent  aux  calculs),  les  permeabili tes  reelles 
sont  connues  par  des  relevds  de  pressions  stat iques. 

En  ajustant  les  permeabllites  experiments les  realisees  par  deplacement  des  plaques  mobiles  des  caissons 
aux  permeabllites  theoriques  calcuiees,  il  est  possible  de  realiser  le  but  recherche  correspondent  & des 
besoins  d'essais  determines,  notamment  des  effets  de  parois  nuls. 

En  complement,  la  regulation  de  la  vitesse  dans  la  veine  d'essais,  au  droit  de  la  maquette,  est  asservle 
au  calculateur  qui  fait  varier  la  section  du  second  col  par  pilotage  de  ses  parois  mobiles. 

Acquisition  des  donnees  au  cours  des  essais,  depouil lements  et  trace  des  resultats  exper imentaux  sont 
effectu£s  en  temps  reel  par  le  calculateur  de  la  Soufflerie. 


SUMMARY 

The  Joppa  calculation  method  divides  the  walls  of  a wind-tunnel  working  section  into  rectangular  elements 
with  an  unknown  vortex  ring  strength  and  takes  account  of  the  test  section  dimensions  and  boundaries.  The 
relative  position  of  the  model  in  the  section, as  well  as  its  geometry  and  lift  distribution  spanwise  al- 
low the  calculation  of  the  theoretical  permeability  in  any  point  of  the  ventilated  walls  to  minimize  or 
cancel  its  effect  in  the  area  of  the  model. 

Inside  the  plenum  chambers  which  are  around  the  test  section  of  the  Sigma  4 wind  tunnel  (I.A.T.  St-Cyr), 
flexible,  solid  and  movable  plates  are  found.  The  movement  of  the  plates  contribute  to  the  variation  of 
the  permeability  in  any  point  of  the  working  section  perforated  walls. 

With  the  model  present  (whose  character iat lea  are  used  in  the  calculations) , the  real  permeabilities  are 
known  through  static  pressure  holes. 

By  adjusting  the  permeabllites  experienced  by  movement  of  movable  plates  in  the  plenum  chamber  with  cal- 
culated theoretical  permeabilities,  it  becomes  possible  to  achieve  the  aim  wanted  which  corresponds  to 
the  requirements  of  determined  tests,  namely  zero  wall  effects. 

In  addition,  the  speed  regulation  in  the  working  section,  in  the  area  of  the  model  is  connected  with  the 
computer  which  varies  the  cross  section  of  the  second  throat  by  piloting  its  movable  wails. 

Data  acquisition  during  the  tests,  processing  and  plotting  of  the  test  results  are  carried-out  in  real- 
time by  the  wind  tunnel  computer. 
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NOTATIONS 


largeur  de  veine  ^ 

section  de  veine  * H* 

coefficient  de  tratnAe 
coefficient  de  portance 
coefficient  de  moment  de  tangage 
hauteur  de  veine 
coefficient  de  presslon 
longueur  de  veine 
nombre  de  Mach 
nombre  de  pavAs 

“ Ns  Nx 

porositA  relative 
facteur  de  porositA 

vitesse  du  vent 

longueur  d'un  pavA 
largeur  d'un  pavA 
longueur  de  queue 
corde  aArodynamique  moyenne 
presslon 

pression  de  rdfdrence 
presslon  dans  le  caisson 


presslon  cindtlque 

envergure  de  l'alle 

vitesse  normale  A la  parol 

vitesse  indulte 

coordonndes  cartdslennes 

angle  d' Incidence 

= \J  1 - Mo2 

circulation  de  l'alle 

circulation  de  parol 

facteur  de  correction  d' incidence 

facteur  de  correction  de  courbure  du  champ 

diffdrence  de  pression 

fldche  A 25  % de  profondeur  des  cordes  de 
l'alle 

masse  volumlque 
= 2s/H 
potentiel 

potentlel  unitalre 

= <P/f 


1 INTRODUCTION 


D'une  manidre  gdndrale,  la  possibilitd  d'appliquer  des  corrections  de  parois  aux  rdsultats  d'essals  en 
soufflerie  procdde  du  calcul  des  vltesses  de  perturbation  induites  par  des  potentlels  reprAsentatif s des 
parois  supposAes  de  longueur  infinie  en  presence  d'une  ou  plusleurs  singularity  qui  schAmat isent  la  ma- 
quette. 

Le  dAveloppement  du  calcul  numArique  (mAthode  des  singularitAs)  proposA  par  Joppa  (l)  permet  de  cal- 
culer  ces  vitesses  en  tout  point  A 1'intArieur  de  la  veine  d'essals  en  tenant  compte  des  valeurs  dimen- 
slonnelles  relatives  de  1 'ensemble  maquette/veine  consldArA,  c'est-A-dlre  de  paramdtres  tels  que  : 

- la  forme  gAomAtrique  rAelle  de  la  veine,  quelles  que  solent  sa  section,  ses  dimensions 
(notamment  sa  longueur)  et  la  nature  de  ses  parols  ; 

- la  forme  gAomAtrique  de  la  maquette  d'avion  : envergure  (avec  sa  rApartition  de  circulation) 
et  fldche  de  la  vollure,  corde  aArodynamique . moyenne , longueur  de  queue. 

Ce  prlncipe  de  calcul  numArique  offre  trois  possibilitAs  : 

I)  faire  des  Atudes  paramAtrlques  de  veines  d'essals  rApondant  A des  besoins  prAcls,  en  vue  de 
leur  rAallsation  future,  tels  que  ceux  nAcessltAs,  par  exemple,  par  la  mise  au  point  d'avlons  du 
type  A.D.A.C.  (2)  ; 

II)  calculer  et  appliquer  des  corrections  dans  des  souffleries  existantes  en  tenant  r igoureusement 
compte  de  leur  gAomAtrle  et  de  celle  de  la  maquette  quelle  que  soit  la  nature  des  parols  : 
pleines  (1)  ou  ventllAes  (3)  ; 

ili)  rAduire  ou  annuler  l'effet  des  parois  dans  le  cas  prAcis  ou  les  parols  ventilAes  possddent 
une  permAabilitA  adaptable. 


Cea  possibilitAs  ont 
Les  deux  derniAres, 
ment  dans  une  souffl 
de  Salnt-Cyr  (Fig.l) 
rositA  expArlmentale 
une  valeur  thAorlque 
se  propose  plus  spAc 
courbes  Cl  . Cm  sont 


AtA  exploitAes  par  les  Avions  Marcel  Dassault  - BrAguet  Aviation  - AMD-BA  - (4,5)  - 
en  particulier,  sont  utilisAes  dans  la  prAsente  Atude  dont  le  but  est  de  montrer  com- 
erie  exlstante,  A Mach  variable  de  0,4  A 2.8  - Sigma  4 de  l'Institut  AArotechnique 
- conque  avec  des  parols  A permAabilitA  adaptable,  11  est  possible  d'ajuster  la  po- 
des  parols  perforAes  horizontales  de  la  veine  de  section  carrAe  (0,85  x 0,85  m)  A 
calculAe  pour  une  maquette  en  vue  de  rendre  nAgllgeables  certaines  corrections.  On 
ialement  d'annuler  les  corrections  qui  portent  sur  les  moments  de  tangage(car  les 
gAnAralement  les  plus  torturAes  et  les  molns  llnAaires)  en  rAglme  sub/transsonlque. 


En  outre,  le  second  col  de  cette  soufflerie,  situA  lmmAdiatement  en  aval  de  la  veine,  est  rAalisA  par  des 
parois  latArales  mobiles  dont  la  position  permet  de  rAguler  le  Mach  tout  en  Allmlnant  expArlmentalement 
les  effets  de  blocage  dus  A la  prAsence  de  la  maquette  et  A ses  slllages  dans  la  veine.  La  presslon  cinA- 
tlque  corrigAe  ou  vrale  est  alnsl  obtenue  et  elle  demeure  constante  quelle  que  soit  la  position  du  modAle. 

Enfln,  cette  soufflerie  est  commandAe  et  contrDlAe,  en  temps  rAel,  par  son  propre  ordlnateur  pendant 
toute  la  durAe  d'un  essal  au  cours  duquel  la  position  angulalre  de  la  maquette  ou  le  nombre  de  Mach,  par 
exemple,  varlent  d'une  faqon  continue,  1 'acquisition  des  mesures  et  la  rAgulation  en  Mach  Atant  assurAes. 
De  faqon  A rAduire  le  temps  de  rafale,  le  dApoulllement  ne  commence  qu'A  la  fin  de  l'essal.  L'ordlnateur 
et  ses  pAriphAriques  permettent,  quelques  Instants  aprAs,  d'obtenlr  le  tableau  de  chlffres  et  les  courbes 
correspondantes . 

Alnsl,  grAce  au  calcul  numArique,  d'une  part,  qui  Impose  des  conditions  thAorlques  d'essals  et,  d'autre 
part,  A un  ordlnateur  qui  pllote  une  soufflerie  munle  d'AlAments  adaptables  et  mobiles,  11  est  possible 
d'obtenlr  en  molns  de  quatre  minutes  aprAs  l'essal  le  tracA  des  courbes  ( Cl  . Cn  - Cl, Cm  - Cl.*] 


\i 


\ 


i 


I 
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representatives  des  rdsultats  exempts  pratlquement  d'effets  de  parols.  La  durde  de  l'essal,  au  cours 
duquel  l'lncldence  a varld  de  faqon  continue  de  20  degrds,  est  toujours  infdrleure  & 60  secondes,  durde 
maxlmale  qul  correspond  IH  v 1. 

\ 

2.  CALCUL  DES  CORRECTIONS  DE  PAR01S  PAR  LA  METHODE  DES  SINGULARITIES  - AVANTAGES  - APPLICATIONS 
2.1.  Gdndralltds 

Grice  A la  mdthode  de  calcul  numdrlque  (Vortex  Lattice  Method)  due  A Joppa,  11  est  possible  de  determi- 
ner les  vltesses  lndultes  par  les  parols  gulddes  d'une  velne  de  section  arbltraire  (1).  Gdndrallsde  par 
Borovik  aux  parols  ventlldes  (3),  cette  mdthode  fut  alors  adoptde  et  ddveloppde  par  A.M.D.B.A.  (4,5). 

Le  calcul  des  corrections  d' incidences  et  des  moments  de  tangage  est  dtabli  A partlr  de  potentlels  de 
tourblllons  tr ldimens lonne Is  : 

‘fm  - (y-z)  + ?m4  ( w)- 

L'aile  de  forme  en  plan  quelconque,  d'envergure  2s,  de  flAche  A*  , ddcoupde  en  2M  tourblllons  d'enver- 
gure  S/M,  peut  recevolr  une  repartition  de  circulation  imposde  a priori  (Fig. 2)  - Introdulsant  le  poten- 
tiel  unitalre  : - ipm  / Tm  , la  repartition  de  circulation  est  ainsi  mise  en  evidence  : 

fm  * ^ ( 4*  m , + m ) . 

Une  lol  de  circulation  elliptique,  jugde  suffisante  pour  le  but  recherche,  fut  retenue  par  A.M.D.B.A. 


2.2.  Description 

2.2.1.  L'aile  est  placde  au  centre  d'une  veine  de  section  carrde  du  type  de  celle  de  la  soufflerie 
Sigma  4.  Dans  ces  conditions,  un  quart  de  la  veine  peut  fitre  considdrd  (Fig.  2). 

Les  parols  sont  ddcoupdes  en  rectangles  dont  les  c6tds  sont  ddsignds  par  XLEN  et  a.  Leur  nombre  N=NS.NX. 

La  mdthode  de  calcul  numdrlque  demande  de  prendre  quelques  precautions  dans  le  choix  de  leur  allongement 
XLEN/a. 

AMDBA  a ddveloppd  cette  mdthode  en  portant  la  valeur  de  N A 160  , solt  Ng  = 8 et  Nx  = 20.  Aiusl  un  bon 
compromis  est  rdalisd  entre  la  precision  recherchde  dans  le  calcul  des  facteurs  de  corrections  et  le  temps 
d'utilisatior  de  1 ' ordinateur . Des  dtudes  paramdtrlques  ont  montrd  que  pour  N = 160,  1 'al longement  XLEN/a 
pouvalt  piendre  indif fdrerament  n'importe  quelle  valeur  comprise  entre  0,7  et  1.9  - GrAce  A ce  rdsultat, 
l'effet  de  la  longueur  de  la  veine  L = Nx.XLEN  sur  les  facteurs  de  correction  peut  6tre  mis  en  dvldence. 

Dans  le  cas  de  calcul  prdsentd  Fig. 3 , qul  correspond  A une  deml-maquette  A la  parol,  N = 240  avec 


2.2.2.  La  mdthode  de  calcul  repose  sur  une  double  application  de  la  loi  de  Biot  - Savart. 

Si  H1  w.  i Tvv  / reprdsente  le  potentiel  tourbillonnaire  unitalre  de  chaque  pavd  de  la 

1,  alors  : •>  J 

M 


parol , 


= ‘fwj  rw. 

J * 1 

(j  = 1,2  ....  N = NS.NX) 

De  mdme , si  if  r reprdsente  le  potentiel  unitalre  de  chaque  tourbillon  d'alle  d'envergure 

S/M  : fl  n n 


m = io  <r 


Tn,  = 


m n 


n x 1 


(O'  = 2s/H) 


L' Influence  du  potentiel  unitalre  de  chaque  pavd  et  celle  du  potentiel  unitalre  de  chaque  tourbillon 
d'alle  sont  lntrodultes  dans  une  suite  d'dquatlons  llndalres  : 


] 


•\ 

■: 


I 


Mr  io cr 


n=  i 


(1  - 1,2  ....  N = NS.NX) 


°u  A • rw  = 8 rm  • 

Connalssant  la  repartition  de  circulation  P m,  par  une  inversion  de  matrice,  on  en  dAduit  T w en  s'lm- 
posant  des  conditions  aux  limites  qui  tiennent  compte  de  la  nature  des  parois  qui,  en  1 'occurence  dans 
notre  cas , sont  des  parois  perforAes  de  porositA  R.  Alors  la  matrice  A : 


R T n 


(n  = y,  z) 


fixe  les  dimensions  et  la  forme  de  la  veine  ainsi  que  le  nombre  et  la  position  des  points  de  contrfile. 
La  matrice  B : 


B = mx 

dAfinit  I'influence  de  l'aile  sur  les  parois. 


- m * 
R T un 


(n  = y,  z) 


La  connaissance  de  Tw  permet  le  calcul  des  vitesses  norma  les  induites  par  les  parols  w(x,  y),  d'ou 
les  facteurs  de  correction  d'incidences  S (x,  y)  et  de  courbure  du  champ  aArodynamique  Si(x,  y)  : 

S = 5.  = 

is  4s  L c)  x 


o 

en  consid6rant  la  veine  de  section  carrde  C = H . 


Pour  chaque  valeur  de  x en  aval  de  la  ligne  portante,  il  convient  de  prendre  la  valeur  moyenne  de  c)  et  celle 
de  ^ en  envergure  soit  : 0 (x)  et  1 (x). 

Sur  I.B.M.  370/168,  le  calcul  de  S (x)  et  de  Sj  (x),  pour  20  valeurs  de  x/  (3  H,  pour  une  aile  ( A”,  (T  ), 
et  une  porositA  R donnAe,  se  fait  en  1 minute  15  secondes  si  N = 160  et  2 minutes  55  secondes  si  N = 240. 

Le  contrSle  du  premier  cas  de  calcul  en  double  precision  demande  1 minute  41  secondes  mais  s'est  avArA 
Inutile  de  faqon  usuelle. 

2.3.  Effets  de  la  longueur  et  de  la  gAomAtrie  de  la  section  de  la  veine 

Le  calcul  des  facteurs  de  corrections  Sq  (x  = 0)  et  S ^ (x)  a AtA  effectuA  pour  une  mAme  aile  ( A = 0°) 
d'envergure  relative  O'  = 0,6  placAe  dans  trois  veines  d’essais  diffArentes  (Vi  , V2  , V3)  de  section 
carrAe  (Fig. 4). 

La  Fig.  5 donne,  pour  les  trois  veines,  la  variation  de  S q en  fonction  de  la  porositA  relative  Q=l/l+|3/R. 

On  constate  que  l’effet  de  la  longueur  de  la  veine  est  d’autant  plus  sensible  que  la  porositA  des  parois 
horizontales  crolt  et  tend  vers  celle  de  parois  llbres.  Les  bandes  latArales  horizontales  pleines  augmen- 
tent  la  valeur  de  Q pour  laquelle  $ q = 0 et  en  consAquence  diminuent  les  valeurs  de  5o  lotsque  Q tend 
vers  1. 


La  Fig. 6 donne,  pour  les  trois  veines,  la  variation  de  Sj  en  fonction  de  l'absclsse  relative  x/flH 
facteur  n'est  pas  sensible  A l'effet  de  la  longueur  de  la  veine  guidAe.  Mais  cette  sensibllitA  a 


et  crolt  avec  R. 


H.  Le 
apparait 


Pour  une  valeur  de  x/  |3  H fixAe,  pour  annuler  (j  | , des  parois  perforAes  munles  de  bandes  latArales  pleines 
nAcessitent  une  porositA  supArleure  A celle  qui  correspond  A des  parois  perforAes  qui  occupent  toute  la 
largeur  de  la  veine. 


2.4.  Annulation  des  corrections  de  moments  de  tanaaee 


Le  principe  consiste  A trouver , pour  toute  valeur  du  Mach,  une  porositA  R qui  annule  le  facteur  de  correc- 
tion S j(x)  au  droit  de  l'empennage  horizontal  (dans  le  cas,  par  exemple,  d'un  avion  de  transport)  ou  aux 
trois  quarts  de  la  corde  aArodynamique  moyenne  (aile  delta)  (15). 

Ainsi  pour  une  maquette  dAflnle  par  la  flAche  A°  de  l'aile  et  son  envergure  relative  (T  , les  AlAments 
d'un  rAseau  de  courbes  O | = f(x/  [3  H)  sont  d'abord  calculAs  pour  plusieurs  valeurs  de  R / (3  (Fig.  7). 

La  courbe  R/|3  * f(x/|3  H)  qui  correspond  A S 1 “ 0 en  est  dAduite. 

La  maquette  est  dAflnle  aussi  gAomAtr iquement  par  sa  longueur  de  queue  relative  : lt/H. 

Le  calcul  de  R qui  annule  & 1 pour  toute  valeur  de  M0est  rAsumA  dans  le  schAma  qui  suit.  La  valeur  du 
facteur  5o  correspond  A R/  fl  s'obtient  alors  A partir  de  S q = f(Q).  Cette  valeur  est  d'allleurs 

faible. 


It 

A*  25  = 

=*>  R - f ( x \ 

- 

H 

H 

(3  ' (3  H ' 

<=-=>  0 

i * 

R ( pour  S««  0 ) 


s, 
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La  Fig. 8 donne  les  rdsultats  de  ces  calculs  pour  deux  maquettes,  qui  different  par  leurs  dchelles,  d'un 
avion  de  transport  (A  * 30°).  Cette  figure  donne  aussi  les  r^sultats  de  calculs  reiatifs  k une  aile 
delta. 

On  constate  que  pour  obtenir  S i = 0 > la  porositd  R varie  peu  en  fonction  du  nombre  de  Mach.  La 
valeur  de  R crolt  avec  la  taille  de  la  maquette.  Une  grande  maquette  est  done  k sugg£rer  pour  profiter 
des  avantages  d'essais  dus  k une  porosity  61ev6e  (4,11).  N6anmoins  les  effets  du  blocage  limitent  ces  di- 
mensions (4). 


3.  LABORATOIRE  D'ESSAIS  (0.4  < M0<  2.8)  SOUFFLERIE  SIGMA  4 - I.A.T.  St-CYR 

3.1.  Gdn6ralit6s 

SIGMA  4,  soufflerie  sub/trans/supersonique,  k rafales,  est  entree  en  exploitation  en  1960.  La  gen&se  de 
sa  conception,  ses  caract6r istiques  et  ses  possibility  d'essais  ont  6t6  pr6sent6es  en  1962  (6).  Elle  est 
k circuit  ouvert.  Sa  pression  g6n6ratrice  est  sensiblement  celle  de  1 'atmosphere. 

Son  tunnel  adrodynamique , seul,  nous  int£resse  (Fig.l).  II  comporte  un  collecteur,  la  veine  d'essais  de 
section  carrde  et  un  diffuseur.  Chacune  de  ces  parties  est  mobile  ou  poss£de  des  elements  mobiles.  II  se 
prdsente  ainsi  sous  la  forme  d'une  tuyere  k deux  cols  rdglables  (7,8).  Ces  cols  sont  disposes  en  amont  et 
en  aval  de  la  veine  dont  les  parols  hor izontales , per  forces,  sont  k porosite  adaptable. 

La  realisation  d'essais  k tous  les  nombres  de  Mach  compris  entre  0,4  et  2,8  est  done  possible.  La  varia- 
tion continue  du  Mach  est  obtenue  grflee  au  deplacement  de  deux  bulbes  profiles  qui  regit  la  grandeur  de 
la  section  droite  de  la  tuyfere  au  premier  col,  associee  d'pilleurs  k la  variation  de  la  section  rectan- 
gulaire  du  second  col.  La  difference  de  pression  necessaire  k l'obtention  de  chaque  Mach  resulte  du  van- 
nage  addquat  des  tuyeres  d' injection. 

A ce  sujet  on  doit  rappeler  1 'originalite  du  systeme  energetique.  L'aspiration  de  l'air  dans  la  veine  est 
faite  k l'aide  de  quatre  trompes  k induction  alimentdes  par  de  l'eau  chaude  sous  pression  (9).  Les  tuyeres 
d* injection  pdnfctrent  dans  la  chambre  d' induction  qui  est  placde  immediatemen t en  aval  du  diffuseur. 


3.2.  Variation  continue  du  Mach  - Association  premier  - second  cols  (7,8) 

3.2.1.  Le  collecteur  est  constitud  par  deux  parois  verticales  planes  et  paralieies  dans  le  prolon- 
gement  de  celles  de  la  veine  d'essais  (Fig.l).  Les  deux  autres  parois  se  rapprochent  progressivement 
l’une  de  1 'autre  de  faqon  k permettre  le  r£tr6cissement  de  la  section  jusqu'&  la  section  de  la  veine 
proprement  dite. 

Deux  demi-corps  profiles  sont  appliquds  par  leur  surface  plane  contre  les  parois  verticales  du  collecteur. 
Leur  grand  axe  est  parallMe  k l'axe  horizontal  de  celui-ci  et  leur  face  convexe  est  tournee  vers  l'int£- 
rieur  de  la  tuyere.  Ces  bulbes  et  le  collecteur  forment  le  premier  col  (Fig. 9 ) (Syst&me  Menard). 

3.2.2.  En  dcoulement  subsonique  et  transsonique  inf^rieur  (0,4  < Mq  4 1),  les  deux  bulbes  situ£s 
en  position  extreme  amont,  demeurent  fixes  (Fig. 9a). 

Les  parois  pleines  horizontales  du  second  col  prolongent  celles  de  la  veine,  alors  que  ses  parois  verti- 
cales sont  mobiles.  En  amont,  elles  sont  pourvues  de  perforations  que  l'on  peut  obstruer  k l'aide  de  por- 
tes  pivotantes  (Fig.l).  Ce  second  col  est  entourd  d'un  caisson  dtanche  qui  continue  celui  qui  se  trouve 
tout  autour  de  la  veine. 

L'ouverture  du  deuxi&me  col  est  rdduite  au  maximum  de  faqon  k provoquer  un  col  sonique  - Mo  = 0,4  est 
obtenu.  La  variation  progressive  de  son  ouverture  permet  d'augmenter  la  valeur  du  Mach  (Fig.  10).  Mach  1 
est  atteint  lorsque  les  parois  verticales  du  second  col  se  trouvent  sensiblement  dans  le  prolongement  des 
parois  verticales  de  la  veine. 

Mais  k partir  de  Mach  0,8/0, 9 les  portes  auxiliaires  du  second  col  doivent  &tre  ouvertes  de  fa^on  k aug- 
menter  le  ddbit  d'air  aspird  par  1 'auto-aspiration  du  diffuseur  k travers  les  parois  performs  de  la 
veine  (Fig.  10). 


3.2.3.  Ecoulement  transsonique  sup^rleur  et  supersonique 

Au-deld  de  Mach  1,  de  faqon  k transferer  le  col  sonique  vers  le  premier  col,  l'ouverture  du  second  col 
continue  k croltre  jusqu'&  Mach  1,2  (Fig.  10).  Il  en  resulte  ainsi  une  augmentation  de  l'aspiration 
auxiliaire  du  diffuseur  supersonique. 

Mais  par -suite  du  nouvel  emplacement  du  col  sonique,  k partir  de  Mach  1 en  th6orie,  en  fait  k partir  de 
Mach  1,1  , k cause  des  Scoulements  visqueux,les  deux  bulbes  se  ddplacent  alors  de  leur  position  amont 
vers  I'aval  de  faqon  continue  (Fig.  9b). 

La  section  de  passage  offerte  au  flulde  diminue  et  le  col  sonique  qui  prend  naissance  entre  les  bulbes 
au  minimum  de  section  va  en  dlminuant.  Le  nombre  de  Mach  dans  la  veine,  dont  la  section  demeure  constante, 
augmente  done  continQment  jusqu'fc  une  valeur  16gferement  inf^rieure  k 2,8  qui  correspond  k la  position 
extreme  aval  des  bulbes. 


Revenons  au  second  col  (Fig. 10). 
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A partir  de  Mach  1,2  , le  dlffuseur  supersonlque  de  la  soufflerle  est  refermA  progress lvement  au  fur  et 
A raesure  de  1' augmentation  du  nombre  de  Mach  de  l'essal.  Le  Mach  dans  le  dlffuseur  dlmlnue  done  progres- 
slvement  et  la  recompression  par  choc  droit  a lieu  A un  nombre  de  Mach  beaucoup  plus  faible  que  celui  de 
la  velne.  La  perte  de  charge  par  choc  droit  est  done  rAdulte,  ce  qui  a pour  effet  d'augmenter  le  rende- 
ment  AnergAtique  de  la  soufflerle. 

Vers  Mach  1,7/1, 8 , les  portes  auxlliaires  sont  fermAes. 

Le  fonctlonnement  en  supersonlque  s'Atabllt.  C'est  d'ailleurs  cet  Acoulement  qul  conditionne  la  grande 
longueur  (1=  5H  ) de  la  section  constante  du  second  col.  En  effet,  elle  correspond  A la  distance 
entre  la  position  du  choc  de  recompression  et  1'entrAe  du  dlffuseur  subsonlque  nAcessaire  pour  stabiliser 
la  couche  limite  de  parol  aprAs  1 1 interaction  du  systAme  de  choc  de  recompression  sur  cette  derniAre  (7). 


La  velne  de  section  carrAe  (Fig.l)  a pour  dimensions  effectives  aArodynamiques  : 0,85  x 0,85  m. 

Soit  C - H2  = O', 723  m2. 

En  effet  les  dpaisseurs  des  couches  limites  qui  se  ddveloppent  sur  les  parols  sont  compensdes  par  une 
ldgdre  divergence  longitudinale  des  parois  hor izontales . Ces  couches  limites  paridtales  jouent  d'ailleurs 
un  r&le  auto-rdgulateur  de  la  veine  fluide  et  contribuent  k diminuer  1' intensity  du  blocage  (10). 

Les  parois  verticales  sont  pleines.  Les  deux  parois  horizontales  comportent  des  surfaces  rectangulaires , 
perfordes,  de  permdabilitd  gdomdtrique  dgale  k 29,7%,  ddlimitdes  par  deux  bandes  latdrales  pleines  placdes 
dans  les  angles  de  la  veine  (Fig. 12).  Cheque  surface  rectangula ire  est  prdcddde  d'un  triangle  perford 
(permeability  14,85  %)  dont  la  pointe  est  dirigde  vers  l'amont  du  courant  d'air  pour  assurer  son  unifor- 
mity. 

Les  parois  ont  pour  ypaisseur  10  mm.  Les  perforations  dont  les  axes  sont  normaux  aux  parois  ont  un  diamd- 
tre  ygal  k 4,2  mm. 

A l'extyrieur  des  parois  perfordes  et  placdes  dans  les  caissons  dtanches  qui  les  entourent  se  trouvent  des 
t&les  pleines,  flexibles  et  longitudinalement  ddformables  k l'aide  de  trois  vdrins  dlectriques  dont  les 
courses  sont  de  60  mm  environ  (Fig. 11).  Leur  ddplacement  contribue  k modifier  la  perte  de  charge  de  l'd- 
coulement  auxiliaire  qui  traverse  les  parois  perfordes.  II  est  ainsi  possible  de  faire  varier  et  contrd- 
ler  la  porositd  de  ces  dernidres,  lors  des  dcoulements  subsoniques  et  transsoniques  (Fig. 11).  A noter  que 
les  porositds  des  parois  supdrieure  et  infdrieure  peuvent  dtre  dventuel lement  moduldes  de  fa^on  diffdren- 
te,  car  la  mobility  des  parois  flexibles  est  inddpendante  l'une  de  l'autre. 

Les  tbles  flexibles  sont  dquipdes  sur  la  partie  interne  d'un  coussin  de  caoutchouc  mousse  qui  permet, 
lorsqu'elles  sont  plaqudes  contre  les  parois  perfordes  de  la  veine,  de  rdaliser  une  veine  guidde  parfaite 
pour  les  essais  en  supersonlque  dlevd  et  aussi  en  faible  subsonlque  (Fig. 11). 

Ainsi  grdee  k son  dispositif  de  parois  mobiles,  et  flexibles,  une  veine  unique  permet  d'assurer  les  essais 
en  dcoulement  sub/trans/supersonique. 

3.4.  Mesure  des  pressions  - Ddterminat ion  expdr imentale  de  la  porositd  R (11) 


3.4.1.  Des  prises  de  pression  statique  sont  disposdes  longitudinalement  sur  les  quatre  bandes  latd- 
rales  non  perfordes  des  parois  horizontales  (Fig. 12).  Le  contrfile  du  champ  des  vitesses  et  des  gradients 
de  pressions  longitudinaux , en  prdsence  ou  non  de  maquettes,  qui  se  ddveloppent  dans  la  veine  en  fonction 
de  ses  diverses  configurations,  assocldes  k celles  du  second  col,  est  ainsi  possible  (11).  Le  choix  de 

1 'emplacement  de  la  prise  de  pression  statique  pQ  de  rdfdrence  en  a dtd  ddduit  (11). 

3.4.2.  En  outre,  des  prises  de  pression  pc  sont  placdes  au  droit  du  centre  de  rotation  du  moddle  sur 
la  face  des  parois  perfordes  extdrieure  k la  veine.  La  mesure  des  diffdrences  de  pression  de  part  et 
d'autre  de  la  paroi  en  prdsence  de  la  maquette  est  ainsi  aisde.  Les  parois  flexibles  peuvent  done  Stre 
adaptdes  de  faqon  k obtenir  des  diffdrences  de  pression  correspondent  aux  valeurs  thdoriques  de  la  poro- 
sitd R imposde,  comme  il  va  6tre  montrd. 

Au  prdalable  un  dchantillon  de  paroi  perforde  du  type  de  celle  utllisde  dans  SIGMA  4 a dtd  dtalonnd. 


V 
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ob  Vn  dgslgne  la  composante  normale  & la  parol  de  la  vltesse  de  l'dcoulement  auxlllalre,  et  V la  vltea- 
se  de  l'dcoulement  principal  de  masse  spdclilque  J5 


Avec  : 


aPp 


et  en  admettant  que  Ap  = A 


, 11  vlent 


solt  : 


Vr 


K P. 

Kp  f 


Un  exemple  de  courbes  experimental es  R = f(Mach)  d6termin6es en  presence  de  maquettes  pour  une  position 
fixe  des  parois  flexibles  est  donn£  Fig. 8.  II  confirme  le  trac£  des  courbes  thgoriques  R = KMq),  done 
la  possibility  d'adapter  la  porosity  des  parois  perfor^es  k une  valeur  qui  annule  les  corrections  de  mo- 
ments de  tangage,  comme  il  a £t£  expliqu£  en  2.4. 


3.5.  Gradients  de  press  ion  statique  longitudinaux 

Certaines  configurations  de  la  soufflerie  introduisent  des  gradients  parasites.  II  en  est  ainsi  lorsqu'y 
faible  Mach,  les  portes  du  second  col  sont  ouvertes.  La  Fig. 13  traduit  cet  effet  en  donnant  Involution 
du  coefficient  de  trainee  Cp  d'une  maquette  en  fonction  de  Mq.  Ces  portes  d'ailleurs  ne  sont  ouvertes 
que  pour  des  Mach  yiev£s.  L' influence  du  gradient  diminue  lorsque  Mq  crolt  et  l'on  salt  en  tenir  compte  par 
une  correction  connue  (H.Ludwieg  Drag  corrections  in  high-speed  wind  tunnels  NACA  TM  1163  - Gottingen  1944). 

La  Fig. 13  montre  aussi  que  lorsque  le  gradient  de  pression  statique  dans  la  veine  avec  maquette  est  nul, 
les  r£sultats  bruts  obtenus  sont  exempts  d'effet  de  blocage  : ils  sont  confondus  avec  les  r^sultats 
corrigds  acquis  avec  la  m@me  maquette  en  presence  de  parois  guid£es. 

Les  nombreuses  prises  de  pressions  disposes  longitudinalement  et  relides  k un  mult imanomfctre  permettent 
constamment  le  contr&le  du  gradient.  L'expyrience  montre  qu'une  lygfcre  correction  de  la  forme  des  parties 
amont  et  aval  des  parois  flexibles  autour  de  la  position  priviiygiye  qui  donne  k R la  valeur  n£cessaire 
pour  avoir  § i = 0 est  suffisante  pour  obtenir  un  gradient  nul. 

Cette  correction  est  d'autant  plus  faible  voire  n^gligeable  que  la  porosity  R est  yievye  ( ^ 4)  ce  qui 
est  le  cas  pour  la  plupart  des  essais.  On  aboutit  ainsi  k donner  aux  parois  flexibles  le  profil  reproduit 
sur  la  Fig.il,  imposy  par  l'action  des  vyrins,  fonction  des  pressions  statiques. 

4.  ORDINATEUR/SOUFFLERIE  - RESULTATS  OBTENUS 
4.1.  Soufflerie  SIGMA  4 (12) 

La  soufflerie  SIGMA  4 est  pilotye  par  son  propre  ordinateur,  Td lymycanique  T 1600,  pendant  toute  la  durye 
d'un  essai  k partir  du  moment  ou  l'ordre  lui  en  est  donnd  (Fig. 14). 

Au  cours  d'ui  essai  en  rygime  continu,  n - 1 param£tres  de  soufflerie  sont  tenus  constants.  L'ordinateur 

assure  la  double  fonction  d'une  part,  de  faire  varier  rygul iferement , suivant  une  loi  programmye,  le  nifeme 
paramytre  qui  peut  8tre  1' incidence  ou  le  Mach  selon  le  mode  d'utilisation  de  la  soufflerie  et  d'autre 
part,  de  mettre  en  oeuvre  en  "temps  ryel"  1 'acquisition  de  signaux  ymis  par  les  appareil lages  de  mesure 
au  cours  de  la  variation  du  nifcme  paramytre  (12). 

L'ordinateur  possyde  aussi  des  lignes  de  sorties  qui  permettent  des  commandes  diverses  numyriques  ou  ana- 
logiques.  La  conjugaison  acquis  it  ion /commandes  donne  k l'ordinateur  des  fonctions  de  rygulation.  II  en  est 
ainsi  de  celle  du  Mach  en  ycoulement  subsonique  (Fig. 15). 

En  effet,  dans  ce  cas,  la  vitesse  dans  la  veine  ddpend  du  rapport  de  la  section  fluide  de  cette  derniyre 

k celle  du  second  col  sonique. 

Pour  une  m@me  position  des  parois  de  ce  col,  la  vltesse  obtenue  ddpend  done  de  la  tallle  de  la  maquette, 
ainsi  que  de  son  incidence  ou  de  son  angle  de  ddrapage.  Comme  ces  angles  varient  au  cours  d'une  rafale, 
l'ordinateur  rattrape  les  ycarts  en  Mach  k partir  des  acquisitions  de  la  pression  statique  de  la  veine  en 
modifiant  1 ' ycartement  des  parois  mobiles  du  second  col.  Cette  rygulation  fournit  une  stabilisation  : 

AM  = + 0,001. 

Un  essai  ryalisy  k Mq  * 0,5  , avec  une  maquette  d'avlon  AMDBA,  dans  les  conditions  qui  viennent  d'etre 
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ddcrites,  en  s'imposant  une  valeur  de  la  porositd  R destinde  a annuler  les  corrections  de  moments  de  tan- 
gage,  a donnd  les  rdsultats  prdsentds  Fig. 16.  La  durde  de  l'essai  qui  comporte  1 'acquisition  des  donndes 
depend  du  Mach.  En  effet  la  vitesse  de  ddroulement  d' incidence  (X  ° est  donnde  par  la  loi  Stabile  expe- 
riments lement  : 


A«°/s  = 0,375  + 0,75  . | Mo  - 1 1 , 

sott  pour  Mo  = 0,5  : AoC/s  = 0° , 75/seconde. 

Pour  diminuer  le  temps  de  rafale,  le  ddpouillement , qui  tient  compte  des  effets  du  dard  et  des  pressions 
de  ci-.lot,  n'intervient  qu'aprds  l'essai.  Ddpouillement  et  tracd  des  courbes  representatives  des  resultats 
demandent  environ  11  secondes/degre. 

La  precision  de  la  chalne  de  mesure  est  de  + 1 bit  soit  environ  6.10  ^ de  la  pleine  echelle  et  pour  une 
cadence  de  50.000  points/seconde  (50  K hertz). 


4.2.  Remarques 

L ' introduction  des  ordinateurs  dans  les  essais  aerodynamiques , associds  aux  chalnes  de  mesures  est  rdcen- 
te  et  lide  aux  progrds  realises  dans  leurs  performances.  Leur  utilisation  dans  les  souffleries  £ grande 
vitesse  munies  de  parois  ventildes  devint  operat ionnel le  vers  1967  aussi  bien  k 1'IAT  St-Cyr  qui  utilisait 
alors  un  ordinateur  C. I. I. 90. 10  (12,13)  qu'£  l'O.N.E.R.A.  (Modane)  - (13,14)  - Le  but  recherche  etait 
d'acquerir  les  donnees  et  de  depouiller  les  rdsultats  en  temps  reel,  sans  se  preoccuper  de  l'effet  des 
parois  suppose  negligeable.  II  est  vrai  qu'A  cette  epoque , le  probieme  de  la  connaissance  thdorique  de 
l'effet  des  parois  ventiiees  etait  loin  d'etre  resolu. 


4.3.  Souffleries  basse  vitesse 


4.3.1.  Cette  technique  d'essais  fut  appliqude  aux  souffleries  basse  vitesse  gdndralement  dquipdes  de 
veines  guiddes  ou  libres.  Mais,  grace  a 1 'ordinateur , un  programme  complet  de  corrections  de  parois  put 
enfin  §tre  applique,  pour  la  premiere  fois,  en  France,  aux  resultats  donnds  par  la  veine  guidde  (de  sec- 
tion circulaire  : 0 = 4,25  ra)  de  la  Soufflerie  S5  du  Centre  d'Essais  Adronautiques  de  Toulouse,  en  1967 
(15). 

Des  rdsultats  acquis  et  ddpouillds  dans  ces  conditions,  k 40  m/s,  sont  reproduits  Fig. 16.  Les  maquettes 
essaydes  k S5  Toulouse  et  k SIGMA  4,  representatives  d'un  rndme  avion,  ne  different  que  par  leurs  dchelles. 

Les  valeurs  corrigdes  des  coefficients  CL  , CD  , CM  en  fonction  de  1' incidence  corrigde  ainsi  que  le  tra- 
ce des  courbes  sont  obtenues  k partir  de  l'ordinateur  I.B.M.  370-135  en  6 minutes  dans  It  cas  ou  quarante 
points  d' incidence  sont  imposes. 

4.3.2.  La  soufflerie  basse  vitesse  A.M.D.B.A.,  de  Vdlizy,  qui  s'intdressa  aux  ddpouillements  auto- 
raatiques  et  aux  ordinateurs,  dts  1959  (Bull,  Electromdcanique , EMD  848), fut  refondue  en  1974/75  tout  en 
conservant  sa  veine  rectangulaire  (3,80  x 3,10  m)  semi-guidde  par  plancher  et  plafond  dans  laquelle  les 
effets  de  parois  sont  ndgligeables  (16  et  17).  En  fait,  une  excellente  qualitd  d'dcoulement  du  courant 
d'air  fut  recherchde  et  obtenue  en  vue  de  son  utilisation  en  liaison  avec  un  ordinateur  TEXAS  980A  qui 
pilote  entidrement  l'essai  au  cours  duquel  les  ddpouillements  sont  effectuds  et  la  vitesse  de  variation 
continue  de  l'incidence  est  de  l'ordre  de  0°,20/s.  A la  fin  de  l'essai,  les  coefficients  Cp  , CL  , C^ 
sont  fournis  en  fonction  de  l'incidence  sous  forme  de  tableaux  de  chiffres  et  les  courbes  correspondantes 
tracdes  en  4 minutes  pour  une  variation  totale  d' incidence  dgale  k 30°. 

La  Fig. 16  donne  les  rdsultats  obtenus  dans  ces  conditions  d'essais  avec  la  maquette  ddjd  soufflde  k S5 
Toulouse . 


5.  CONCLUSIONS 

5.1.  La  soufflerie  Sigma  4 (IAT  St  Cyr),  dont  le  Mach  varie  de  faqon  continue  de  0,4  k 2,8,  a dtd 
ddcrite.  Son  tunnel  adrodynamique  se  prdsente  sous  la  forme  d'une  tuydre  k deux  cols  rdglables  placds  en 
amont  et  en  aval  de  la  veine  d'essais  de  section  carrde  (0,85  x 0,85  m).  Chacune  de  ces  trois  parties 
est  mobile  ou  possdde  des  elements  mobiles. 

CETTE  SOUFFLERIE  RESPIRE  

En  particulier,  les  parois  horizontales  perfordes  de  la  veine  sont  k poro- 
8itd  adaptable  grflce  au  ddplacement  de  parols  flexlbles  placdes  dans  les  caissons  dtanches.  Une  veine 
unique  permet  done  les  essais  en  dcoulements  sub/trans/supersonique . En  regime  subsonique  ou  tran.ssonique , 
la  mesure  du  facteur  de  porositd  est  possible  tout  au  long  d'un  essai  en  presence  de  la  maquette. 


5.2.  En  dcoulement  sub/transsonique,  une  mdthode  a dtd  proposde  qui  a pour  but  d 'annuler  les  effets 
des  parols  sur  les  moments  de  tangage  en  adaptant  leur  porositd  k une  valeur  thdorique  imposde  par  le 
calcul  numdrique  des  corrections  (V.L.M.). 

La  Vortex  Lattice  Method  tient  compte  de  la  gdomdtrie  rdelle  de  la  veine.  Celle  de  la  maquette  intervlent 
par  1 'envergure  et  la  fldche  de  l'aile  ainsi  que  par  sa  longueur  de  queue.  La  porositd  ddpend  des  dimen- 
sions du  moddle  et  croit  evec  sa  taille. 
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L'adaptation  de  la  porosit^  associde  A des  proc^dAs  expArimentaux  - tels  que  la  realisation  de  gradients 
de  pression  statique  longi tudinaux  nuls  dans  la  veine  avec  raaquette  - conduit  A obtenir  des  resultats 
d'essais  pratiquement  exempts  d’effets  de  parois. 

5.3.  Comme  Sigma  4 possede  de  nombreux  elements  mobiles  ou  adaptables,  un  ordinateur  propre  k la  souf- 
flerie  est  indispensable  pour  la  piloter  en  temps  reel  : soit  pour  figer  dans  une  position  optimale  cha- 
cune  des  parties  de  sa  tuyere,  soit  pour  faire  varier  de  faqon  continue  cette  position  correspondent  k 
l’essai  en  cours.  Cette  association  ordinateur/souf flerie  est  effective  depuis  plusieurs  annees. 

Ainsi  de  faqon  continue,  en  temps  reel,  l'ordinateur  commande  soit  la  variation  du  Jiach,  soit  la  position 
angulaire  de  la  maquette  et  permet  1 ’acquisition  des  donnees.  II  commande  aussi  les  verins,  des  scani- 
valves  ...  Par  combinaison  des  acquisitions  et  des  commandes,  il  assure  aussi  des  fonctions  de  regulation, 
telle  que  celle  de  la  pression  cinetique,  par  exemple,  en  ecoulement  inferieur  k Mach  1. 

En  outre,  il  permet  egalement,  en  temps  reel,  le  depouillement  et  le  trace  des  courbes  representatives 
des  resultats  avec  une  tr&s  grande  precision. 

5.4.  Des  resultats  obtenus  dans  ces  conditions  avec  une  maquette  d'avion  A.M.D.B.A.,  k Mach  * 0,5,  ont 
ete  presentes.  Pour  un  debattement  d'incidence  egal  k 20°,  la  dur€e  de  l'essai  est  inferieure  k 30  secon- 
des.  Depouillement  et  trace  des  courbes  demandent  moins  de  quatre  minutes. 

Ces  rdsultats  ont  ete  compares  k ceux  obtenus  dans  des  souffleries  basse  vitesse  qui  font  egalement  appel 
k l'ordinateur.  On  peut  remarquer  leur  grande  homogeneite. 

La  soufflerie  basse  vitesse  A.M.D.B.A.  (40  m/s  - 3,80  x 3,10  m),  de  veiizy,  dont  la  technique  s'inspire 
de  celle  de  Sigma  4,  est  pilotee  par  son  propre  ordinateur.  Pour  un  debattement  d'incidence  de  20°, 
l'essai  au  cours  duquel  se  font  les  depouillements , dure  un  peu  plus  d'une  minute.  Tableaux  de  chiffres 
et  courbes  tracdes  sont  fournia  en  moins  de  quatre  minutes  aprAs  la  fin  de  l'essai. 

5.5.  Enconclusion,  il  faut  souligner  le  r61e  de  plus  en  plus  important  imparti  k l'ordinateur  qui  est 
maintenant  devenu  indispensable  k la  soufflerie.  D'abord  pour  calculer  de  faqon  rAaliste,  grAce  k la  m£- 
thode  des  singularity  , les  contraintes  de  parois.  Ensuite  pour  la  piloter  et  en  assurer  les  fonctions 
annexes,  en  temps  r£el. 

L'ordinateur  ne  peut  plus  Atre  consid6r6  comme  son  auxiliaire,  mais  doit  faire  corps  avec  celle-ci. 

Aussi  bien  dans  la  modernisation  d'une  soufflerie  existante  que  dans  la  conception  future  d'un  laboratoire 
d'essais,  il  faut  penser  ensemble  ordinateur/souf flerie , associAs  dans  leurs  actions  rAciproques. 

Cette  action  rAciproque  appelle  deux  remarques  : 

i)  L' integration  du  personnel  de  la  soufflerie  doit  Atre  totale.  Dans  le  cadre  d'une  modernisation, 
les  expArimentateurs  doivent  Atre  A mAme  de  dAfinir  les  caractAristiques  des  ordinateurs,  en  liaison 
avec  les  chatnes  de  mesures,  dont  ils  ont  besoin.  Inversement,  le  personnel  qui  a la  charge  des  ordi- 
nateurs doit  possAder  des  connaissances  d ' aArodynamique  expArimentale  Atendues  pour  satisfaire  des 
impAratifs  precis.  Les  ingAnieurs  responsables  de  Sigma  4 et  de  la  soufflerie  A.M.D.B.A.  repondent 

k ces  critAres.  Leur  intervention  est  alors  immediate  dans  le  cas  - fort  rare  - ou  l'ordinateur  tombe 
en  panne  et  arrAte  totalement  ou  pat tiellement  le  fonctionnement  de  la  soufflerie. 

ii)  En  provision  de  cette  panne,  on  peut  doter  la  soufflerie  d'un  second  ordinateur  de  secours.  C'est 
ainsi  que  Sigma  4 AquipAe  maintenant  d'un  TAlAmAcanique  f 1600  a conserve  son  prAcAdent  ordinateur 
C.I. 1.90-10  en  ordre  de  marche.  Il  est  possible  encore  d'envisager  de  relier  la  soufflerie  A un  autre 
ordinateur  du  centre  dans  lequel  elle  est  implantAe. 

Quoiqu'il  en  soit,  la  taille  de  l'ordinateur  propre  A la  soufflerie  sera  modArAe  et  son  prix  aussi  bien  A 
1 'achat  qu'en  exploitation  sera  inferieur  A celui  d'un  grand  centre  de  calculs  d'ailleurs  d'un  emploi 
beaucoup  moins  souple. 
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SUMMARY 

The  Aerodynamic  Wind  Tunnel  (4T)  Real-Time  Control  and  Display  System  is  a computerized  system  which  has 
increased  the  productivity  of  the  Tunnel  4T  tests  by  providing  real-time  displays  of  test  conditions,  test  condition 
monitoring,  and  automatic  control.  The  system  is  built  around  a Digital  Equipment  Corporation  PDP  8/E  minicom- 
puter which  has  a 16K  word  memory  and  a hardware  floating  point  processor.  The  system  uses  standard  tunnel  mea- 
surements to  calculate  stream  and  plant  parameters.  The  program,  which  is  written  in  the  FORTRAN  IV  language, 
is  executed  three  times  per  second.  Computer-driven  video  displays  provide  tunnel  operators  and  other  control  room 
personnel  with  test  conditions  such  a-  Mach  number,  Reynolds  number,  and  dynamic  pressure.  The  real-time  sys- 
tem monitors  all  test  parameters,  continually  checks  to  determine  if  test  conditions  are  as  requested,  and  informs 
the  operators  of  the  current  plant  and  test  conditions  status  via  the  status  panel.  The  real-time  system  automatically 
controls  the  test  section  wall  porosity,  ejector  flaps,  wall  angle,  the  tunnel  stagnation  pressure  for  most  conditions, 
and  the  Mach  number  in  the  range  from  0.  2 to  0.  9.  In  the  future,  the  system  will  provide  automatic  Mach  number  and 
pressure  level  control  for  the  full  range  of  4T  operations.  The  system  is  also  capable  of  keeping  tunnel  operating 
records  which  can  be  used  to  determine  tunnel  productivity. 


1.0  INTRODUCTION 

During  the  past  four  years  the  price  of  minicomputers  suitable  for  wind  tunnel  automatic  control  systems  has 
steadily  decreased  while  the  unit  cost  of  electrical  energy  required  for  wind  tunnel  operation  has  doubled.  This  situa- 
tion has  generated  a strong  economic  inducement  to  increase  wind  tunnel  productivity  by  making  capital  expenditures 
for  control  computers  in  order  to  offset  higher  wind  tunnel  direct-operating  costs.  A minicomputer  is  now  being  used 
in  Tunnel  4T  to  increase  productivity  by  providing  test  conditions  displays,  monitoring  and  displaying  the  test  condi- 
tion status,  and  automatically  controlling  test  parameters.  The  Tunnel  4T  Real-Time  Control  and  Display  System 
(RTCDS)  has  increased  productivity  for  all  types  of  testing  while  also  improving  test  data  quality.  This  paper  de- 
scribes the  TUnnel  4T  RTCDS,  the  factors  considered  in  the  system  design,  and  the  productivity  and  data-quality 
gains  obtained  from  the  system. 

2.0  TUNNEL  4T 

Tunnel  4T  is  a 4 -ft  closed-loop,  continuous-flow,  transonic  wind  tunnel  which  has  a usable  continuous  Mach 
number  range  from  0. 10  to  1.  3.  In  addition,  Mach  numbers  1.  6 and  2.  0 can  be  obtained  by  the  use  of  nozzle  inserts. 
Tunnel  stagnation  pressure  can  be  varied  from  0.  075  to  1.  6 atm,  and  the  stagnation  temperature  can  be  controlled  to 
a limited  extent  between  approximately  25  to  55°C. 


Tunnel  4T  is  normaliv  powered  by  the  second  in- 
crement of  the  FTopulsion  Wind  Tunnel  Facility  (PWT) 
Plenum  Evacuation  System  (FES).  The  general  ar- 
rangement of  the  Tunnel  4T  ducting  is  illustrated  in 
Fig.  1.  Mach  number  in  the  subsonic  range  is  set  by 
adjusting  the  pressure  ratio  across  the  test  region  and 
the  movable  side  wall  ejector-flap  region  located  just 
downstream  of  the  test  region.  Supersonic  Mach  num- 
bers are  generated  by  control  of  auxiliary  plenum  suc- 
tion rate. 

The  Tunnel  4T  wall  characteristics  can  be  altered 
by  changes  in  wall  angle  or  wall  porosity.  The  top  and 
bottom  test  section  walls  may  be  converged  or  diverged 
by  0.  5 deg.  The  variable  wall  porosity  feature  of  Tun- 
nel 4T  is  obtained  by  utilizing  a sliding  cutoff  plate  be- 
hind the  airside  plate.  The  wall  porosity,  which  can  be 
changed  during  testing,  ranges  from  0 to  10  percent 
open  area  on  each  wall. 


PlfNUM  DUCT  y RETURN  DUCT  - 


Figure  1 Tunnel  4T  General  Arrangement 


•The  research  reported  herein  was  conducted  by  the  Arnold  Engineering  Development  Center,  Air  Force  Sys- 
tems Command.  Research  results  were  obtained  by  personnel  of  ARO,  Inc. , contract  operator  at  AEDC.  Further 
reproduction  is  authorized  to  satisfy  needs  of  the  U.  S.  Government. 
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3.0  OBJECTIVES 

The  general  design  philosophy  for  the  Tunnel  4T  RTCDS  was  to  use  the  computer  to  the  greatest  extent  possible. 
This  included  providing  displays  of  all  test  condition  parameters,  making  every  reasonable  check  on  the  test  status, 
and  eliminating  manual  operations. 

The  primary  objective  of  the  Tunnel  4T  RTCDS  effort  is  to  increase  productivity  by  increasing  the  ratio  of  "on- 
conditions"  time  to  "air-on"  time,  i.  e. , decrease  the  nonproductive  air-on  time.  This  increase  in  productivity  has 
the  effect  of  reducing  the  total  tunnel  energy  consumption  if  the  annual  number  of  on-conditions  hours  are  held  con- 
stant or  to  increase  the  data  output  if  the  annual  number  of  air-on  hours  is  maintained.  In  either  ease  the  net  result 
is  to  reduce  the  energy  consumed  per  data  point.  It  was  also  an  objective  of  the  RTCDS  design  to  improve  data  qual- 
ity by  maintaining  a consistent  operational  procedure  and  by  reducing  the  deviation  in  test  conditions. 

The  system  was  designed  (1)  to  establish  test  conditions  as  soon  as  possible  after  bringing  the  tunnel  air  on, 

(2)  to  maintain  Mach  number  during  model  attitude  excursion,  and  (3)  to  move  rapidly  from  one  test  condition  require- 
ment to  the  next. 

4.0  COMPUTER  HARDWARE 

The  Tunnel  4T  Real-Time  Control  and  Display  System  is  built  around  the  Digital  Equipment  Corporation  (DEC) 
PDP  8/E  minicomputer.  The  system  is  illustrated  in  Fig.  2.  The  minicomputer  includes  a central  processor, 
10,384-12  bit  words  of  core  memory,  input/output  interfaces,  and  a floating-point  processor.  The  memory  is  ex- 
pandable to  32K  words.  The  input/output  interfaces  include  digital  input  channel,  analog  to  digital  (A/D)  converters, 
digital  output  channels,  and  digital  to  analog  (D/A)  converters.  The  floating-point  processor  (FPP)  in  combination 
with  the  central  processor  unit  (CPU)  gives  the  computer  a dual-processor  capability.  Since  the  FPP  makes  floating- 
point calculations  with  hardware  rather  than  software,  the  computational  speed  of  the  computer  is  approximately  10 
times  faster  with  the  FPP. 


j| 


I 1 


Figure  2 The  Tunnel  4T  Real  Time  Control  and  Display  System  Computer 

Computer  peripheral  equipment  includes  a cathode  ray  tube  (CRT)  display  driver,  a teleprinter,  a high-speed 
paper-tape  reader,  and  a magnetic  tape  (DEC  tape)  unit.  The  CRT  driver  provides  video  displays  on  closed-circuit 
television  (CCTV)  monitors.  Commands  to  the  computer  operating  system  are  given  through  the  teleprinter  which 
also  includes  a low-speed  paper-tape  punch  and  reader.  Programs  are  loaded  into  the  computer  through  the  dual- 
drive DEC  tape  unit  which  is  also  the  computer  system  device. 

4.  1 Computer  Inputs  and  Outputs 


J 


Inputs  for  the  4T  RTCDS  are  obtained  from  the  standard  tunnel  instrumentation  and  position  drive  systems  and 
from  special  valve  position  devices  required  for  the  automatic  controls.  The  process  inputs  are  the  temperature  and 
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pressures  required  to  calculate  stream  parameters.  The  position  digitizers  provide  test  section  wall  angle,  wall 
porosity,  and  diffuser  flap  position.  Switches  and  constants  boxes  on  the  tunnel  control  room  operating  console  are 
manually  set  to  provide  the  computer  with  the  desired  Mach  number  and  stagnation  pressure  or  Reynolds  number. 
Computer  outputs  include  switch  closures  and  analog  signals  in  addition  to  the  CCTV  displays.  Through  switch  clo- 
sures the  computer  activates  light-emitting  diode  displays,  incandescent  status  lights,  and  relays  which  energize 
electric  drive  motors.  Computer-generated  analog  signals  (voltage)  are  used  to  provide  setpoints  for  servo- 
controlled  valves. 

4.  2 Software 


Computer  system  software  was  purchased  as  a package  from  the  manufacturer.  This  included  both  the  pro- 
grams needed  to  operate  the  peripherals  and  a FORTRAN  IV  language.  Some  machine  language  routines,  primarily 
handlers,  were  developed  to  expand  the  FORTRAN  IV  capabilities. 

5.  0 TUNNEL  4T  RTCDS  OPERATION 

Figure  3 illustrates  the  relationship  between  the  three  components  of  the  Tunnel  4T  operation:  the  tunnel, 
which  includes  the  operating  machinery;  the  computer  and  associated  peripheral  equipment;  and  the  tunnel  operating 
personnel.  Data  from  the  tunnel  instrumentation  and  test  condition  requirements  from  the  operators  are  connected  to 
an  input  interface  peripheral.  Computer  output  peripherals  operate  analog  signals,  switch  closures,  and  CCTV  dis- 
plays. Once  the  program  is  loaded  and  started  it  is  locked  in  an  endless  real-time  loop  which  is  executed  three  times 
per  second.  During  each  pass  the  program  reads  the  input;  makes  calculations  of  test  conditions,  control,  and  logi- 
cal parameters;  and  controls  the  output  peripherals. 


Figure  3 The  Tunnel  4T  Real  Time  Control  and  Display  System 

5.  1 System  Development 

The  Tunnel  4T  RTCDS  was  developed  in  three  phases  as  is  illustrated  in  Fig.  4.  The  first  phase  was  to  provide 
the  tunnel  operators  and  others  with  a display  of  test  conditions  in  engineering  units  using  the  CCTV  monitors.  In 
Phase  II,  the  constant  box  and  switch  inputs  from  the  tunnel  operator  were  added  along  with  the  computer-driven  light 
panel  to  indicate  the  tunnel  status.  The  final  phase,  which  is  still  in  progress,  includes  development  of  the  hardware 
and  software  for  complete  automatic  control  of  test  conditions. 

5.  2 Test  Conditions  Display 

The  test  condition  displays  using  remote  CCTV  monitors  are  provided  for  the  tunnel  operators  and  for  personnel 
in  any  test  or  operation  area  which  will  benefit  from  the  displays.  Mach  number,  Reynolds  number,  dynamic  pres- 
sure, other  test  parameters,  time  of  day,  and  time-on  conditions  (a  bookkeeping  parameter)  are  displayed  on  the 
CCTV  monitor  (Fig.  5).  The  CRT  display  is  updated  once  each  second. 

The  test  conditions  displays  have  improved  Tunnel  4T  data  quality  and  productivity  by  allowing  the  tunnel  oper- 
ators to  set  test  conditions  with  the  actual  control  parameters  rather  than  with  displays  of  parameters  which  are 
functionally  related  to  the  controlled  parameter.  In  addition,  the  CCTV  displays  unified  the  4T  operations  and  re- 
duced communication  requirements.  Improvement  In  the  consistency  of  test  conditions  and  data  quality  were  intangible 
benefits  of  the  engineering  unit  displays.  It  is  estimated  that  the  computer-driven  displays  increased  the  Tunnel  4T 
productivity  bv  7 to  10  percent. 
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Figure  4 The  Tunnel  4T  Real  Time  Control  and  Display 
System  Development 


Figure  5 Closed  Circuit  Television  Monitor 
Test  Conditions  Display 
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5.  3 Test  Conditions  Monitoring 

One  of  the  most  difficult  and  time-consuming  tasks  for 
tunnel  operators  is  to  determine  when  the  tunnel  is  on  test  con- 
ditions. Normal  operation  requires  'hat  14  parameters  be  with- 
in specified  tolera..ces.  Test  conditions  monitoring,  i.  e.  , 
having  the  computer  assume  the  task  of  determining  when  the 
tunnel  is  "on  conditions"  and  testing  can  begin,  significantly 
improved  the  4T  operations.  In  the  past,  the  on-conditions  de- 
cision was  made  by  the  tunnel  operator  and  the  time  required 
to  reach  the  decision  was  subject  to  wide  variation,  depending 
on  the  tunnel  operator's  experience.  The  computer  now  moni- 
tors all  test  conditions  and  determines  logically  from  pre- 
selected tolerances  whether  or  not  the  tunnel  is  on  tes  condi- 
tions. 

Operators  are  informed  of  the  test  conditions  status  by  a 
computer-driven  display  of  lights,  as  shown  in  Fig.  (i,  and  by 
audible  tones.  Status  checks  are  made  on  tunnel  configurations, 
instrumentation,  and  test  conditions.  An  in-limit  parameter 
will  have  a green  light,  whereas  an  out-of-limit  parameter  will 
be  signified  with  a red  light.  Checks  can  be  deleted  by  over- 
ride switches  on  the  status  panel  and  an  override  is  denoted 
with  a white  display  light.  Checks  are  made  on  the  four  wall 
porosities,  and  the  two  diffuser  flap  positions,  wall  angle,  pri- 
mary instrumentation  agreement,  wall  porosity  schedule,  tun- 
nel pressure  ratio,  Mach  number,  and  stagnation  pressure 
level.  When  all  of  the  individual  parameters  are  in  limits  the 
on-conditions  light  is  switched  to  green  and  a momentary 
audible  tone  is  sounded.  If  a parameter  exceeds  tolerances 
during  testing  the  on-conditions  light  is  switched  to  red  and  a 
different  audible  tone  is  sounded  to  attract  the  tunnel  oper- 
ator's attention.  Initiation  of  the  computer  monitoring  of  test 
conditions  has  increased  the  Tunnel  4T  productivity  by  an  esti- 
mated five  percent. 

5.  4 Automatic  Controls 

Computer  controls  for  the  tunnel  fall  into  two  categories: 
position  controls  and  process  controls.  The  relative  location 
of  the  controlled  variables  are  shown  in  Fig.  7.  In  the  test  region,  seven  parameters  - the  four  wall  porosities,  the 
two  diffuser  flaps,  and  the  wall  angle  - are  controlled  as  a function  of  the  set  point  Mach  number.  Downstream  of  the 
test  region.  Valve  92  and  the  vernier  Valve  92A  are  used  to  set  Mach  number  in  the  subsonic  range.  Valve  93  is  used 
to  adjust  plenum  suction  for  supersonic  Mach  number  control.  Pressure  level  control  for  most  conditions  is  con- 
trolled with  Valve  8Q  which  is  both  an  in-draft  and  blowoff  valve.  Valve  65  Is  used  to  control  pressure  level  at  some 
conditions. 

The  positioning  of  the  four  wall  porosities  and  the  wall  angle  is  done  through  an  adaptive  bump  control  technique. 
Large  moves  are  made  by  closing  the  drive  motor  contacts  and  driving  toward  the  desired  position.  The  motor  relays 
are  opened  at  a point  which  will  allow  the  controlled  parameter  to  coast  to  the  controlled  position.  Small  adjustments 
which  arise  from  overshoot,  undershoot,  or  drift  are  made  by  bumping  the  motor  relays  for  a calculated  time  interval 
proportional  to  the  error.  The  adaptive  bump  procedure  is  not  required  for  diffuser  flap  control  because  flap  posi- 
tioning is  not  critical.  The  process  controls  of  Mach  number  and  stagnation  pressure  are  not  presently  complete; 
however,  the  system  automatically  maintains  Mach  number  between  0.  2 to  0.  9 and  pressure  level  for  most  conditions. 
As  more  inputs  are  connected  to  the  computer,  the  automatic  controls  will  be  extended  for  all  Mach  numbers  and 
pressure  levels.  Automatic  controls  have  increased  productivity  by  an  estimated  10  percent. 

The  Tunnel  4T  automatic  process  controls  utilize  the  proportional  plus  integral  plus  deviation  (PID)  control 
algorithm.  The  general  form  of  the  PID  control  equation  (Ref.  1)  is 

m(t)  = Kc  je(t)  +‘jr  / e(l>d  1 + Td 

where  m(t)  = output  signal  to  the  control  valve 

mr  = reference  value  at  which  control  action 
e(t)  = error  signal 
t = time 

Kc  = controller  gain 
Tj  = integral  constant 
Tj  = derivative  constant 


+ mr 


is  initialized 


In  addition  to  productivity  gains  through  automation,  the  Tunnel  4T  RTCDS  has  the  potential  for  generating  oper- 
ating records  which  can  be  used  as  a management  tool.  These  records  can  be  used  to  pinpoint  areas  of  low  produc- 
tivity and  to  improve  the  accuracy  of  required  test  time  estimates.  The  real-time  program  now  provides  accounting 
of  the  time  on  test  conditions,  and  this  parameter  is  presently  being  used  as  one  factor  in  the  evaluation  of  test  per- 
formance. 

6.0  HUMAN  FACTORS  IN  SYSTEM  DESIGN 

The  interface  between  the  tunnel  console  operator  and  the  computer  have  been  of  prime  concern  throughout  this 
project.  Emphasis  was  placed  on  reducing  the  operators'  present  manual  workload  without  adding  extra  buttons  to 
push  or  sequences  to  remember  during  automatic  operation.  Since  the  computer  was  being  integrated  into  an  existing 
system,  efforts  were  made  to  keep  the  operation  in  its  natural  state.  As  the  system  was  developed,  the  computer  be- 
gan doing  jobs  that  were  a part  of  the  manual  operations.  This  eliminated  operator  retraining  and  enhanced  operator 
acceptance  of  the  system.  Every  attempt  was  made  to  keep  operator  confidence  in  the  system  by  thoroughly  checking 
out  new  features  before  making  them  a part  of  the  system. 
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RESUME 


Des  Etudes  param£triques  sur  ordinateur, 
utilisant  les  programmes  de  calcul  des  coeffi- 
cients de  correction  de  parois  en  veine  transso- 
nique  k parois  performs,  permettent  de  d£finir 
des  conditions  optimales  d'emploi  des  veines 
existantes  associees  a des  tailles  de  maquettes 
telles  que  les  corrections  de  parois  noient 
^gl igeables . 


En  £coulement  tridim.'Msionnel  les  para- 
m£tres  consid£r£s  sont  : les  rapports  entre  hau- 
teur et  largeur  de  veine,  envergure  de  maquette 
et  largeur  de  veine,  la  fl£che  de  voilure  et  la 
porosit#,  supposee  uniforme  et  £gale,  des  deux 
parois  horizontales  de  la  veine.  Des  regies  de 
sch£matisation  des  maquettes  sont  pr£cis£es  pour 
les  coefficients  de  correction  de  portance.  Des 
recommandations  de  dimens ionnement  de  maquettes 
sont  formulas  pour  obtenir  des  corrections  tole- 
rables.  Une  veine  optimale  associle  k une  taille 
de  maquette  peut  %tre  d£finie  en  transsonique 
pour  s'affianchir  des  corrections  de  parois 
alors  n£gl igeables . 


En  £coulement  b idimensionnel , l' intro- 
duction d'un  parametre  st ppl^mentaire  : la  dif- 
ference de  porosite  des  deux  parois,  conduit  k 
la  definition  d'une  veine  optimale.  Une  telle 
veine,  k paroi  basse  pleine  et  k porosite  de 
paroi  haute  faible  permet  de  negliger  les 
corrections  de  parois  dans  des  domaines  corde- 
epaisseur  relative  qui  sont  precises. 

MINIMIZING  WALL  INTERFERENCE  IN  CONVENTIONAL 
TRANSONIC  TEST  SECTIONS  BY  USING  COMPUTER 
PARAMETRIC  STUDIES 

Parametric  studies  by  computer,  using  the 
programmes  for  the  calculation  of  the  wall  interfe- 
rence by  the  analytic  method, for  perforated  wall 
transonic  test  sections,  allow  the  detenninat ion 
of  using  of  present  test  sections,  with  associated 
model  sizing,  so  that  the  wall  constraints  can  be 
negl igible. 


For  two  dimensional  flow,  an  additional 
parameter,  due  to  distinct  porosities  for  floor 
and  ceiling,  allows  the  definition  of  an  optimal 
test  section.  Such  a section  with  closed  floor, 
and  slightly  porous  ceiling  allows  the  neglecting 
of  the  wall  constraints,  in  a domain  of  chord  and 
relative  thickness  which  is  given. 

NOTATIONS 


E> 


c 

c 

CR 

C 

C* 

CL 


al  longeraent 

largeur  de  veine 

corde  d'un  profil 

corde  a£rodynamique  moyenne 

corde  de  r£f£rence 

section  de  veine 

coefficient  de  trainee 

coefficient  de  portance 

coefficient  de  moment  de  tangage 

gradient  de  portance 


H hauteur  de  veine 


K 


coefficient  carac tdrist ique  d'un  profil 


“v  facteur  de  volume  apparent 

ifc  distance  du  point  k 25  Z c au  point  k 25  Z 
de  la  corde  moyenne  d' empennage 


distance  du  centrage  au  point  k 50  Z de  la 
corde  moyenne  d' empennage 


n 


nombre  de  Mach 


Cl  (sans  indice  : variable  interm£diaire 
favec  indice  : pression  dynamique 

Q facteur  de  porosit4  Q =■ 


For  tridimensional  flow,  the  following 
parameters  are  investigated  : test  section  height/ 
width  ratio,  model  span/test  section  width  ratio, 
wing  sweep  and  horizontal  wall  porosity  ; this 
porosity  is  assumed  to  be  uniform  and  the  same 
for  floor  and  ceiling.  The  model  sch£matization 
rules,  necessary  and  sufficient  to  calculate  the 
lift  interference  coefficients,  are  given.  Model 
sizing  can  be  recommended  to  obtain  reasonably 
low  correction.  An  optimal  test  section,  with 
an  associated  model  size,  can  be  determined  to 
neglect  the  lift  and  drag  interferences. 


ft. 


S 

s 

u-c 

LL 

V 


parametre  de  porosity 
demi-envergure 
surface  de  r£f£rence 
vitesse  de  perturbation  axiale 
vitesse  k l 'inf ini  amont 
volume  de  maquette 
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vitesse  de  perturbation  verticale 

"2C  abscisse  (origine  k 25  % de  c ou  c ) 

0C  distance  entre  centre  de  reduction  des  ef- 
forts et  point  k 25  % de  c 

X abscisse  rdduite  : X a 2.  "X  /eE> 

oi  incidence 

p \Al -M* 

r circulation 

& coefficient  de  correction  de  portance 

coefficient  de  correction  de  courbure  de 
champ 

A or  correction  d'incidence 
AN  correction  de  Mach 

£ s / Uoo 

X s h/b 

.A.  fl£che  k 25  % de  profondeur  des  cordes  de 
1 'aile 

Z x 2s/£> 

coefficient  de  blocage  de  volume  apparent 
potentiei 

S ,+9a 

n coefficient  de  correction  de  blocage 

Indices  relatifs  k 

3 ai  le 

b terme  corrige  des  effets  de  blocage 

£>  paroi  basse 

C terme  corrige  des  effets  de  blocage  et 

de  portance 

ci  ddcollement 

<2.  empennage 

M paroi  haute 

L correction  de  portance 
/ 

m me sure 

5 blocage  de  volume 
U.  non  corrige  des  effets  de  parois 
VJ  blocage  de  sillage 

1 d£riv£e  par  rapport  k X 

«.  coefficient  moyen  de  correct ion( int£grd  en 
envergure) 


INTRODUCTION 

Les  resultats  bruts  d'essais  de  maquettes 
en  soufflerie,  apr&s  corrections  inh£rentes  k la 
quality  de  l'ecoulement  de  la  veine  vide  (ascendance 
de  veine,  gradient  longitudinal  de  pression  stati- 
que)  doivent  Stre  corrigds  des  interactions  en- 
tralndes  par  la  presence  des  parois.  Ces  correc- 
tions ont  pour  but  de  rdtablir,  en  grandeur  et 
direction,  les  vitesses  modifies  par  la  presence 
des  parois  de  mani£re  k determiner  leur  champ 
autour  de  la  maquette,  comme  si  celle-ci  etait 
plac£e  dans  un  dcoulement  en  atmosphere  illimitee. 

Le  but  de  tel les  corrections  n'est  pas  de  donner  des 
rdsultats  identiques  k ceux  du  vol^par  suite  des 
differences  de  nombres  de  Reynolds,  mais  de  rendre 
homogenes  les  resultats  de  souffleries  obtenus  k 
partir  de  maquettes  d'un  mSme  avion  rdalisees  k 
differentes  echelles  et  essayees  dans  des  veines 
differentes  par  la  forme  et  le  type  de  ventilation 
des  parois  £ 1 ) 


Depuis  les  premiers  calculs  de  correction 
datant  de  1919  (2)  , pour  des  veines  guiddes, 

ouvertes  ou  semi-guidees  de  nombreuses  formules  (3l 
(4j  ont  ete  successivement  fournies  pour  ce  type 
de  veines  avec  des  schdmat isations  de  plus  en  plus 
raffin£es  des  maquettes  et  pour  des  formes  varices 
de  section  d'essais.  L'ut ilisation  de  veines 
transsoniques  k parois  ventiiees  (parois  performs 
ou  k fentes)  conduisit  en  1950  £5}  puis  1954  (6} 
k g£ndraliser  les  conditions  limites  au  cas  des 
parois  ventiiees.  Aprfcs  des  calculs  fragmenteires 
£3]  de  certains  coefficients  de  correction  et 
des  schematisat ions  d'envergure  finie  £7]  des 
formulaires  furent  etablis  en  1969  £8  , 9 , 10) 
a l'aide  de  la  methode  analytique  des  petites  per- 
turbations pour  la  totality  des  coefficients 
obtenus  avec  des  sch£mat isat ions  de  maquettes  par 
singularity  uniques  en  veines  circulaires  et  rec- 
tangulaires  k 2 ou  4 parois  perfor£es.  Les  methodes 
analytiques  de  calcul  des  coefficients  de  parois 
developpdes  depuis  1973  sont  examinees  au  paragra- 
phe  1.1.  En  1967  £ll)  une  methode  plus  universelle 
dite  methode  des  petits  paves  (vortex  lattice  me- 
thod) fut  propos£e  en  veine  guidee  puis  g£n£ralis£e 
en  1972  £12)  au  cas  des  parois  ventiiees.  Cette 

methode  a 6 te  part icul idrement  d£velopp£e  par  AMD. BA 
In)  pour  juger,  a priori,  de  l'influence  de  la 
forme  des  sections  de  veine  et  de  la  repartition 
des  ventilations. 

Dans  l'etat  actuel  des  parois  ventiiees 
des  souffleries  transsoniques  et  des  dimensions 
couramment  utilises  de  maquettes  en  essais  indus- 
tries , les  methodes  de  calcul  thdorique  des  coef- 
ficients de  correction  et  de  determination  expdri- 
mentale  de  la  permdabilite  aerodynamique  moyenne 
des  parois  ( 13}  , malgr£  certaines  hypotheses 

simplif icatrices  utilisdes,  ont  ete  portees  k 
un  stade  de  developpement  satis faisant  en  ce  sens 
que  les  erreurs  commises  sur  les  corrections 
n'excbdent  pas  les  dispersions  de  mesures. 

A ce  jour,  il  n'apparalt  pas  que  toutes 
les  possibilitds  des  souffleries  existantes  aient 
ete  mises  k profit.  Le  propos  de  cette  note  est 
de  montrer  que,  par  des  etudes  paramfctriques  sur 
ordinateur,  il  est  possible  non  seulement  d'enoncer 
des  recommandations  pour  dimensionner  les  maquettes 
en  soufflerie  de  telle  sorte  que  les  corrections 
de  parois  puissent  £tre  appliquees  avec  confiance, 
mais  encore  de  definir  des  conditions  optimales 
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1 


d'emploi  des  veines  d'essais,  associEes  £ des 
dimensions  de  maquettes,  selon  leur  type,  de  faqon 
£ ce  que  les  corrections  soient  faibles  on  nEgli- 
geables . 


Sans  vouloir  prEtendre  £ un  Ecoulement 
autour  de  la  maquette  strictement  Equivalent  £ 
celui  rEgnant  en  atmosphere  illimitEe,  ainsi  que 
de  nouveaux  concepts  de  parois  le  proposent  flA, 

15  , 16  , 17 J , il  est  proposE  de  rechercher  des 
conditions  d 'utilisation  des  veines  d'essais  en 
service  adaptEes  £ un  point  moyen  d'un  programme 
d'essais  de  maniEre  £ ce  que  pour  1 'ensemble  du 
programme  les  corrections  de  parois  puissent  Etre 
considErEes  conane  faibles  ou  nEgligeables  vis  £ 
vis  des  dispersions  de  mesure.  Cette  adaptation 
ou  "conformation"  de  la  veine  £ un  point  particu- 
lar d 'utilisation  doit  Etre  bien  distingjEe  de 
l'"auto  adaptation"  des  parois  qui  prEtend  £ 
l'annulation  stricte  de  toutes  les  corrections  en 
nEcessitant  un  remaniement  profond  des  parois.  Il 
s'agit  done  ici  de  1 'utilisation  la  plus  ration- 
nelle  possible  des  concepts  classiques  de  souffle- 
ries  £ parois  perforEes. 

Par  la  suite  une  veine  sera  appelEe 
"idEale"  si  elle  permet  l'annulation  des  correc- 
tions de  parois  au  sens  global  de  ces  corrections  ; 
une  veine  sera  appelEe  "optimale"  si  elle  permet 
de  rendre  les  corrections  de  parois  nEgligeables 
e'est  £ dire  si  les  corrections  sont  du  mEme  ordre 
de  grandeur  que  les  dispersions  de  mesure. 

1 - SCHEMATISATION  DES  MAQUETTES  EN  ECOULEMENT 
TRIDIMENS I ONNEL 

1.1  - MEthode  analytigue  des  petites  pefLurbat ions 

La  mEthode  analytique  des  petites  pertur- 
bations a EtE  part iculiErement  dEveloppEe  £ l1  ONERA 
car  spEcialement  adaptEe  au  cas  des  souffleries 
transsoniques  industrielles  de  Modane  dont  les 
veines^de  forme  rectangulaire, possEdent  deux  parois 
horizontales  perforEes.  Cette  mEthode  consiste  £ 
rechercher  une  formulation  mathEmatique  directe  des 
coefficients  de  correction  de  parois. 


Le  calcul  des  coefficients  de  corrections 
est  basE  sur  la  dEtermination  du  potentiel  des 
vitesses  complEmentaires  induites  par  la  prEsence 
des  parois.  Ce  potentiel  est  dEduit,  d'une 

part  du  potentiel  des  vitesses  de  l'Ecoule- 

ment  rEgnant  autour  de  la  maquette  en  atmosphEre 
illimitEe,  d'autre  part  des  conditions  aux  limites 
imposEes  par  les  parois  de  la  veine.  La  permEabi- 
litE  des  parois  est  supposEe  constante  et  Egale  de 
l'infini  amont  £ l'infini  aval.  Les  dErivEes  du 
potentiel  de  perturbation  par  rapport  £ 

2C, M/J  sont  les  vitesses  de  perturbations 
axiales  U.i  , transversales  et  verticales 

Wc  . Les  vitesses  de  perturbations  transver- 
sales /trEs  petites^ sont  nEgligEes. 


Dans  le  cas  de  veine  possEdent  des  parois 
verticales  pleines,  la  mEthode  des  images  remplace 
la  condition  limite  sur  ces  parois.  Des  transfor- 
mEes  de  FOURIER  sont  nEcessaires  pour  tenir  compte 
des  conditions  aux  limites  sur  les  parois  horizon- 
tales.  En  prenant  une  condition  de  vitesse  nulle, 
et  non  de  potentiel  nul,  £ l'infini  aval,  les 
transformEes  de  FOURIER  effectuEes  sur  les  vitesses 
fl8)  permettent  de  lever  les  paradoxes  de  dis- 
continuitE  des  corrections  de  blocage  de  sillage  en 
veine  guidEe  (19)  et  de  portance  en  p arois  hori- 
zont^les  ouvertes.  Ces  discont inu itEs  apparaissent 
alors  comme  des  limites  de  fonctions  lorsque  x 
tend  ^ers  — 00  . 


Lorsque  la  veine  pngsEde  un  plan  horizon- 


tal de  symEtrie,  e'est  £ dire  que  les  permEabil itEs 
des  deux  parois  sont  Egales,  les  corrections  appli- 
quEes  aux  maquettes,  calculEes  dans  le  plan  de 
symEtrie  de  la  veine  ( nul)  sont  simplifiEes  : 

- les  vitesses  axiales  de  pertubation  u,^s  , Uiw 
ne  sont  dues  qu'iux  singularitEs  utilisEes  pour 
schEmatiser  le  volume  apparent  et  le  sillage  de 
la  maquette  qui  conduisent  aux  corrections  de 
blocage  de  volume  et  de  sillage 

- les  vitesses  verticales  de  perturbations  U/Cu 
ne  dEpendent  que  des  singularitEs  reprEsentant 
la  surface  portante  de  la  maquette  qui  condui- 
sent aux  corrections  dites  de  portance. 

Les  vitesses  de  perturbation  . 'nt  prE- 
sentEes  sous  fo-ue  de  coefficients  sans  dimensions  : 

- les  vitesses  axiales  normEes  £ celles  obtenues 
au  centre  maquette  ( X nul)  en  veine  guidEe 
donnent  les  coefficients  de  corrections  de  blo- 
cage 

U.ts  w ( x) 


U^,W  fo 
' c 


- la  vitesse  verticale  normEe  a C/CtS 
donne  le  coefficient  de  correction  de  portance 

^ S- 

U*  C^S 

et  le  coefficient  moyen  de  cette  correction  est 

= I-/*  dl3 


Les  formules  de  5 , &UJ  et  & 
sont  donnEes  en  annexe  1.  Ces  coefficients  sont 
calculEs  une  fois  pour  toute  en  fonction  des  pa- 
ramEtres  dEfinissant  la  veine  d'essais  ( X , Q 
et  A ) et  la  maquette  ( Z,  A.  ).  Des  tables 
complEtes  de  coefficients  ont  EtE  ainsi  Etablies 
dans  le  cas  de  maquettes  complEtes  et  demi-maquet tes 
£ la  paroi  en  fonction  de  leurs  envergures  et  flE- 
che  pour  les  souffleries  transsoniques  industriel- 
les de  Modane  en  fonction  de  la  permEabilitE  des 
parois . 


En  principe  il  n'existe  pas  de  limita- 
tions dans  l'emploi  de  la  mEthode  analytique  mais 
elle  risque  de  conduire  £ des  formules  compliquEes 
nEcessitant  l'emploi  de  fonctions  spEciales.  Tel 
est  le  cas  de  rEpartitions  elliptiques  de  portance 
en  veines  rectangulaires  conduisant  £ des  intEgrales 
elliptiques,  ou  le  cas  des  veines  circulaires 
conduisant  £ des  fonctions  modifiEes  de  BESSEL  d 'or- 
dre ElevE.  Ceci  ne  constitue  pas  un  handicap 
sErieux,  car  les  coefficients  sont  calculEe  une 
fois  pour  toutes,  done  les  durEes  de  calcul  sur  or- 
dinateur  seront  amorties  par  1 'ut il isation  des  ta- 
bles des  coefficients  de  correction.  Il  n'en  reste 
pas  moins  vrai  qu'il  est  inutile  de  raffiner  trop 
les  schEmatisat ions  de  maquettes  si  les  Ecarts 
engendrEs  sur  les  corrections  par  ces  raffinements 
ne  sont  pas  perqus  de  maniEre  signif icative  au 
niveau  des  corrections  elles-mEmes. 


1.2  - SchEmat isat ion  des  maquettes 

Dans  le  cas  des  corrections  de  blocage 
de  volume  et  de  sillage,  des  singularitEs  uniques: 
doublet  et  source,  sont  suftisantes  pour  reprE- 
senter  le  volume  apparent  de  la  maquette  et  son 
sillage  proport  tonne l £ la  trainee. 


' 


I 
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Dans  le  cas  des  corrections  de  portance, 
partant  d'une  singularity  unique  constitute  par 
un  tourbillon  en  fer  k cheva^de  circulation 
proportionnelle  k la  portance,  la  schemat isation 
de  la  maquette  peut  Stre  progressivement  affinte 
pour  tenir  compte  de  : 

- l'envergure  finie  de  la  voilure 

- la  fltche 

- le  type  de  repartition  de  circulation  en  enver- 
gure 

- la  dtflexion  de  la  nappe  tourbi llonnaire 

Le  type  de  modeiisation  de  la  maquette 
dtpend  essentiel 1 ement  de  la  taille  de  la  maquette 
vis  k vis  des  dimensions  de  la  veine  d'essais. 
Lorsque  celle-ci  augmentera,  il  sera  de  plus  en 
plus  ntcessaire  de  tenir  compte  des  pararnttres 
tnoncts  ci-dessus.  Le  seul  moyen  de  s’assurer 
qu'une  schtmat isation  est  suffisante  est  de  veri- 
fier qu'un  raffinement  suppltmentaire  ne  modifie 
pas  de  mani&re  sensible  les  corrections  de  parois 
c'est  k dire  que  les  tcarts  de  corrections  dus  k 
la  schtmatisation  maquette  restent  inftrieurs  k 
la  dispersion  des  mesures. 


En  reference  de  la  valeur  du  coefficient 
de  portance  5 obtenu  k l'aide  d'une  singularity 
unique  ( l * 0),  le  coefficient  <T  crolt 
rapidement  avec  1 ' augmentation  du  rapport 
Z = 2s/b  (figure  1)  et  ceci  d'autant  plus  que 
la  porosite  est  eievee.  Cette  evolution  est  plus 
moderee  lorsqu'une  repartition  elliptique  de  cir- 
culation en  envergure  remplace  une  repartition 
uniforme.  Enfin,  lorsque  la  fiechp  A de 
l'aile  croit,  1 'augmentation  de  6 avec  z est 
nettement  rdduite. 

Les  evolutions  du  coefficient  £*  de 
courbure  de  champ  sont  donnees  figure  2 en  fonc- 
tion  de  l'abscisse  X pour  deux  valeurs 
eievees  de  Q : 

Pour  une  aile  droite  uniformement  chargee 
1 ' augmentation  de  l'envergure  reduit  de  manifcre 
importante  la  courbure  de  champ  au  voisinage  de 
la  maquette.  Au  delA  de  oc=  (J>B  la  courbure 
de  champ  est  pratiquement  independante  de  la  fail- 
le de  la  maquette.  II  y a lieu  de  bien  remarquer 
que,  k permeability  maximale  (Q  = 1),  plus  la 
maquette  sera  grande,  plus  les  corrections  de 
courbure  de  champ  seront  faibles.  Sous  cet  aspect, 
il  y a done  tout  interSt  k accroitre  la  taille 
des  maquettes  : une  valeur  Z = 0,80  est  net- 
tement moins  sujette  k correction  qu'une  valeur 
ygale  ou  inferieure  k 0,60.  Ce  point  est  k rete- 
nir  car  intuitivement  on  pourrait  penser  le 
contraire. 


Pour  un  rapport  Z = 0,6,  1 'influence 
de  la  fl£che  est  nette  k permeability  maximale 
au  voisinage  de  la  maquette  : 1 'accroissement 
de  la  £l£c!i£,  k mSme  envergure,  contribue  k 
reduire  Si  , en  valeur  absolue.  Comme  prece- 
demment,  au  delA  de  3C=  (S>B  , la  modeiisation 
de  la  maquette  est  sans  importance. 

Les  evolutions  de  la  correction  d' inci- 
dence, normee  au  coefficient  de  portance  Aot/Cl 
en  fonction  du  rapport  Z * 2s/B  et  du  type  de 
repartition  de  circulation  en  envergure  sont 
donnees  figure  3 pour  une  aile  droite.  Consideranl 
que  l'ecart  entre  deux  types  de  modeiisation  ne 
doit  pas  exceder  la  dispersion  des  mesures,  soit 
0,03°  d'incidence,  il  apparatt  qu'une  singularity 
unique  est  suffisante  si  Z rcste  inferieur 
h 0,4.  Le  type  de  repartition  de  circulation  cn 
envergure  doit  ?tre  pris  en  consideration  au  del& 
de  Z * 0,6  pour  Q * 0,6  mais  seulement  de 
t * 0,75  pour  Q * 1 . 


La  correction  d'incidence  : 

rw* I- 

CL  2s  X 2S  ^ * ' 

C-* 

JL  = AT1  ~ l«*A.  (sla^o) 

2s  1 


calcuiee,  pour  trois  f laches  A A 25  % des  cordes , 
k Mach  0,9  fait  ressortir  (figure  4)  1' importan- 
ce de  la  schematisation  de  la  voilure.  Les  hearts 
entre  les  corrections  croissent  avec  r et  A 
ainsi  que  le  montrent  les  trois  courbes  calcuiees 
pour  : 

- une  envergure  nul le  ( Z - 0) 

- une  envergure  finie,  sans  fl^che  ( Z t 0,  A = 0) 

- une  envergure  finie,  avec  fl£che  (r  4 0,  A ^ 0) 

Les  ecarts  sont  notables,  mSme  pour  les 
tailles  couramment  utilisees  de  maquettes  ( Xa*  0,6). 
Dans  le  plan  ( A,X  ) (figure  5),  il  est  possible 
de  definir  des  domaines  de  modeiisation,  tels  que 
les  erreurs  entralnees  par  le  type  de  modeiisation 
n'excedent  pas  0,03°  d'incidence. 

Ainsi  k Mach  0,9  pour  une  soufflerie 
carree  k parois  horizontales  perforees,  dans  le  cas 
d'une  maquette  d'avion  de  transport  transsonique , 
il  y a lieu  de  tenir  compte  de  l'envergure  puis  de 
la  fiecht  quand  Z depasse  respectivement  0,5 
et  0,65.  Pour  un  chasseur  ces  limites  deviennent 
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FIGURE  5 Limites  de  schdmatisation  des  maquettes 


0,4  et  0,55.  Corame  dans  ce  dernier  cas  on  verra 
qu'il  est  prudent  de  ne  pas  ddpasser  une  obstruc- 
tion de  1,35  X , il  n'est  pas  ndcessaire  de  tenir 
corapte  de  la  fldche.  Pour  un  avion  de  transport 
supersonique,  k fldche  accusde,  les  deux  limites 
sont  plus  restrictives  ( Z - 0,33  et  0,46). 


Bien  entendu,  les  coefficients  calculds 
pour  la  schdmatisation  la  plus  poussde  peuvent  Stre 
utilises  mais  ceci  n'est  pas  toujours  ndcessaire 
et  permet  d'dviter  de  longs  calculs  pour  dtablir 
des  tables  de  coefficients  plus  volumineuses. 


2 - LIMITES  D'EMPLOI  ^ES  CORRECTIONS  CLASS IQUES 
EN  ECOULEMENT  TR  I DIMENS  ION'NEL 

Une  etude  des  corrections  de  parois  avec 
porosity  uniforme  en  veine  de  section  constante  a 
dtd  effectude  en  fonction  des  divers  paramdtres 
intervenant  dans  les  diffdrentes  corrections  (an- 
nexe 2).  Une  telle  etude  permet  d'dnoncer  des 
recommandations  pour  dimensionner  les  maquettes 
en  soufflerie.  II  apparalt  en  effet  utile  de 
prdciser  jusqu'A  quelle  taille  raisonnable  de  ma- 
quettes, les  corrections  de  parois  peuvent  Stre  ap 
pliqudes  avec  confiance. 


2.1  - Limitations  dues  k la  formule  de  corrections 
du  Mach 

La  formule  de  corrections  des  nombres  de 
Mach  est  du  8eme  degrd  en  Mach  corrigd  Me.  Dans  le 
cas  de  veines  guidees  ou  k faible  permeability  il 
existe  des  limites  en  Mach  (figure  6)  qui  ne  sau- 
raient  Stre  transgressdes  par  manque  de  solution  de 
1 'equation.  En  veine  guidde,  la  limite  obtenue  cor- 
respond de  manidre  satisfaisante  au  nombre  de  Mach 
de  blocage  obtenu  en  essais,  ce  qui  valide  la 
formule  utilisee  et  foumit  une  limite  d'emploi  des 
des  veines  guidees.  Aux  fortes  permeabilites  des 
parois,  la  formule  du  Mach  corrige  possdae  toujours 
une  solution  quel  qu?  soit  le  nombre  de  Mach  d’es- 
sai ; il  est  alors  raisonnable  de  limiter  ce  der- 
nier Mu  A 1 (figure  6). 


Limit  on  account  ot  Mc»F(Mu)„  Mu«i.O 


FIGURE  6 Limitation  en  nombre  de  Mach  corrige 


rie  carree  k parois  horizontales  perfordes  telle 
que  S2  Modane. 


Les  paramdtres  intervenant  dans  ces 
limitations  en  Mach  sont  : 

- les  caractdristiques  de  la  veine  d'essais  et  la 
permeability  des  parois 

- le  volume  de  la  macuette  et  la  surface  de  voilure 

- le  coefficient  de  trainee  inclus  dans  la  correc- 
tion due  au  blocage  de  sillage. 


Bien  qu’une  trds  faible  permeability 
ddbloque  la  veine  d'essais,  et  que  les  Mach  d'es- 
sais Mu  soient  trds  diffdrents,  les  limites  Me 
sont  seulement  un  peu  plus  dlevdes  en  veine  trds 
faiblement  permeable  qu'en  veine  guidde.  Heureu- 
sement,  la  limite  Me  crolt  rapidement  avec  13 
facteur  de  porositd  Q , libdrant  un  domaine  de 
Mach  maximal  pour  Q * 0,65.  Il  est  cependant  il- 
lusoire  de  se  tenir  au  maximum  du  domaine  tres 
susceptible  k certains  paramdtres.  Il  est  prefe- 
rable d'utiliser  des  permdabi 1 i tds  dlevdes  en  dcou- 


Un  exemple  d'abaque  des  Me  limites  est 
prdsentd  (figure  6)  pour  des  maquettes  homothdti 
ques  des  maquettes  dtalon  ONERA  dans  une  souffle 
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lement  tridimensionnel  (Q  de  0,8  cl  1,0).  Cependant, 
il  y a lieu  de  noter  que  pour  des  nombres  de  Mach 
41ev4s,  sup£rieurs  k 0,90,  les  parois  performs 
tendent  k ce  coraporter  comme  des  parois  optimales 
(Q  rv  0,65)  r^duisant  d'elles-mSmes  les  corrections 
de  Mach. 

Les  courbes  Me  limite  = F (Q)  sont  peu 
sensibles  & la  forme  des  maquettes  ; ainsi  entre 
des  maquettes  de  grand  allongement  et  des  corps 
de  revolution,  les  hearts  de  Me  limite  ne  d£pas- 
sent  pas  0,003  pour  deux  parois  per forces.  Par 
contre  ces  hearts  atteignent  0,016  avec  quatre 
parois  performs. 

A permeability  yiev£e,  si  le  Mach  limite 
Me  est  identique  en  veines  rectangulaires  de 
rapport  X = H/B  =0,5  avec  deux  ou  quatre  parois 
per forces,  il  n'en  va  plus  de  mSme  en  veine  carr£e : 
dans  ce  cas  une  veine  k deux  parois  performs  au- 
torise un  Me  superieur  de  0,015  A celui  d'une  veine 
A quatre  parois  performs  pour  une  obstruction  de 
1 X. 

2.2  - Critferes  de  dimens ionnement  de  maquettes 

Les  critSres  proposes  pour  dimensionner 
des  maquettes  consistent  A admettre  que  les  cor- 
rections de  parois  resteront  d'un  niveau  tolerable 
en  regard  des  valeurs  mesur^es,  e'est  A dire  qu'une 
erreur  commise  sur  une  correction  sera  compatible 
avec  la  dispersion  de  la  mesure  de  la  valeur  corri- 
g£e.  Le  critfere  propose  ici  consiste  k admettre  une 
erreur  de  5 X sur  les  corrections  ; compte  tenu 
d'une  dispersion  de  mesures  de  1 X ceci  signifie 
que  les  corrections  pourront  atteindre  20  X de  la 
valeur  corrig^e.  Pour  le  nombre  de  Mach  et  1' in- 
cidence les  corrections  ne  devront  pas  exc£der 
0,04  et  0,6  degrg  en  effet  : 
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Abaque  de  dimens ionnement  des  maquettes 
completes 


Dans  le  premier  cas  les  dimensions  de 
maquettes  autorisAes  sont  nettement  supArieures  A 


0,05 

AO 

0,01 

=>  AC, 

/Cv 

= 20  X 

celles  usit£es  ( IT  /v#  0,6)  et  par  suite  perraet 

traient  un  accroissement  de  Reynolds  de  40  X qui 

0,05 

s\j 

0,002 

— >s  A M 

sa 

0,04 

peut  Stre  d£cisif  si  le  nombre  de  Reynolds  est 
voisin  de  3 & 4 millions. 
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— > A cx 

=r 
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En  fait  les  limitations  les  plus  restric- 
tives  sont  dues  A la  correction  ACt>3  engendrAe 
par  le  gradient  longitudinal  de  vitesse  de  pertur- 
bation crAA  par  le  blocage  de  volume.  Dans  le  plan 
obstruction-Mach  (figure  7)  les  deux  limitations 
sont  celles  dues  d'une  part  A la  formule  de  Mach 
corrigA  Me  (paragraphe  2.1),  d1  autre  part  A la 
correction  ACb.s  . La  premiAre,  en  rAfArence  de 
la  veine  guidAe  (Q  = 0)  libAre  un  domaine  maximal 
A Q = 0,63,  dans  le  cas  consldArA  de  veine  d'es- 
sais,  puis  lAgArement  plus  restreint  en  parois 
horizontales  ouvertes  (Q  = 1). 

La  correction  ACij  , nulle  en  parois 
pleines  ou  ouvertes,  devient  trAs  restrictive 
pour  Q = 0,4.  Le  plus  large  domaine  (Me,  obstruc- 
tion ) est  libArA,  en  regard  du  domaine  obtenu  en 
veine  guidAe,  (courbe  en  trait  interrompu)  pour 
une  permAabilitA  maximale  Q = 1.  Une  reduction 
de  permAabilitA  vers  Q * 0,63  ne  libArera  qu'une 
Acallle  de  Mach  AlevA  et  restreindra  1 'obstruction 
aux  Mach  infArieurs  A 0,98. 

Le  diagramme  prAsentA  figure  7 peut  en 
fait  se  lire  en  : 

- obstruction  pour  une  maquette  de  chasseur 

- rapport  envergure/largeur  de  veine  pour  une 
maquette  d'avion  de  transport  transsonique . 

Le  choix  d’une  trAs  grande  permAabilitA 
autorise  done  une  limite  en  Mach  de  0,965  pour  : 

- tr  - 0,85  pour  une  maquette  de  grand 
allongement 

- obstruction  * 1,35  X pour  une  maquette  de  chasseur 


L 'Atablissement  d'abaque  similaire  pour 
le  cas  d'une  veine  carrAe  et  d'une  demi-maquette  A 
la  paroi  (done  Aquivalent  au  cas  d'une  maquette 
complAte  en  veine  dAfinie  par  X =0,5)  montre 
(figure  8)  que  les  corrections  seront  identiques 
si  le  rapport  d'Achelle  entre  maquette  complAte 
et  demi-maquette  est  compris  entre  0,8  et  1,1 
selon  la  correction  considArAe.  En  outre  pour  une 
mAme  Achelle  de  maquettes  et  demi-maauettes , la 
limitation  en  Mach  corrigA  apparalt  plus  t&t  pour 
la  demi-maquette  A forte  permAabilitA . 

Sous  le  seul  aspect  des  corrections  de 
parois,  il  est  illusoire  de  rAaliser  dans  une  veine 
carrAe  des  essais  sur  demi-maquettes  pour  accrol- 
tre  le  nombre  de  Reynolds.  Bien  entendu  le  cas 
d'une  section  dAfinie  par  X « 0,7  conduit  aux 
mAmes  limitations  en  maquette  complAte  et  demi- 
maquette  mais,  en  rAfArence  d'une  veine  carrAe, 
au  dAtriment  de  la  maquette  complAte  et  A l'avan- 
tage  de  la  demi-maquette. 


3 - RECHERCHE  DE  VEINES  "IDEALE"  ET  "OPTIMALE" 

EN  ECOULEMENT  TRIDIMENSIONNEL 

Le  calcul  des  corrections  de  parois  dans 
le  cas  des  veines  exlstantes  ne  pose  pas  de  pro- 
blAme  une  fols  les  lols  de  permAabilitA  des  parols 
dAfinies  (13)  et  des  tables  de  coefficients 
de  corrections  Atablies.  Il  est  cependant  intAres- 
sant  de  rechercher  si  des  conditions  d 'utilisa- 
tion peuvent  annuler  les  corrections  ou  les  rAduire 
A un  niveau  tel  qu'elles  puissent  Atre  nAgligAes. 

Ce  peut  Atre  en  associant  A une  veine  existante 
une  maquette  de  tallle  bien  dAfinie  ou  en  modi- 
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fiant  les  caract£ristiques  ( X , Q ) de  la 
veine  d'essais.  Cette  utilisation  meilleures  des 
veines  peut  Stre  d£finie  <1  partir  d'une  £tude 
param£trique  des  corrections  sur  ordinateur  en 
recherchant  la  veine  "id£ale"  exempte  de  toutes 
corrections  ou  une  veine  "optimale"  conduisant 
A des  corrections  n4gligeables . 

square  best  section 


BLOCKAGE 


FIGURE  8 Dimensionnement  de  maquettes  completes 
et  demi-maquettes 


Les  condicions  d’annulation  des  diverses 
corrections  sont  examinees  s£par£ment  puis  simulta- 
n£ment . 


3.1  - Annulation  des  corrections  de  blocage 

La  correction  de  nombre  de  Mach  due  aux 
blocages  de  volume  et  de  sillage  sera  nulle 
(annexe  2)  si  les  deux  roefficients  de  correction 
correspondants  Slset  sont  simul tankmen t 

nuls.  En  outre  les  corrections  de  trainee  dues 
aux  gradients  longitudinaux  de  vitesses  induites 
dues  aux  mSmes  blocages  seront  nulles  si  les  coef- 
ficients St 3 et  Sl$  (car  Sl'^  * Sis  ) sont 
nuls . 

t Les  trois  coefficients  Sis  , Sluj  et 

SI  S dependent  de  deux  caract£rist iques  des 
veines  : X et  Q . Quelle  que  soit  la 

forme  de  la  veine,  done  X , Si's  s’annule 
en  parols  pieines  (Q  * 0)  et  ouvertes  (Q  = 1). 

Le  coefficient  &uj  ne  peut  s'annuler  qu'en  paroi 
ouverte  (Q  * 1).  Le  coefficient  31s  s'annule 
pour  une  valeur  de  porosity  dependant  de  X 
(figure  9)  . Les  trois  coefficients  sont  simulta- 
n£ment  nuls  dans  le  seul  cas  (figure  10) 

Q * 1 X = 1,18 

L'intfrSt  d'ur.e  telle  veine  a ftf  souli- 
gn£  de  longue  date  {2 o]  alnsl  que  rappelf  rfeem- 
ment  f2l]  . XI  y a lieu  de  noter  en  outre  qu'ex- 


FIGURE  9 Coefficient  de  correction  de  blocage  de 
volume  5ts 


VALUES  OF  0 AND  X REQUIRED 
TO  GIVE  ZERO  BLOCKAGE 
Q = 1 X =1.18 


FIGURE  10  Annulation  des  coefficients  de  correc- 
tion de  blocage 
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p^riment  a lenient  il  a £t£  constat^  que  la  porosit£ 

Q 35  1 conduisait  k des  corrections  de  d£ccllement 
n£gligeables  [13] 

La  condition  Q = 1 signifie  que  la 
difference  des  pressions  entre  la  veine  d'essais 
et  l'enveloppe  etanche  l'entourant  est  nulle. 

Cette  condition  peut  £tre  fortuitement  satisfaite 
tel  est  le  cas  de  la  soufflerie  S2  de  Modane  fl3) 
dont  la  veine  £quip£e  de  parois  conventionnelles 
per forces  k trous  inclines  & 60°  au  taux  de  6 X 
est  plac£e  dans  un  caisson  de  tr&s  grandes  dimen- 
sions. Cette  condition  pourrait  £galement  Stre 
utilement  impos£e  par  r£glage  du  dispositif  d'as- 
piration  au  travers  des  parois  ventiiees. 

3.2  - Annulation  des  corrections  de  portance 

En  ecoulement  tridimensionnel , en  repor- 
tant  toute  la  correction  de  portance  sur  celle 
d' incidence  (annexe  3)  il  suffit  pour  annuler 
celle-ci  et  la  correction  de  trainee  qui  en 
ddcoule,  que 


Six-  o)  + A (x=  Al  « o 
'bx 

A = L !3_a 
<=•  3 


si  A ^ O et  A & — - 


pour  A * 0 et  un  allongement  de  7. 

A partir  du  programme  de  calcul _des 
coefficients  £*  et  J*  (d£riv£e  de  ? par 
rapport  k X ) les  porositgs  Q annulant  la 
correction  d' incidence  sont  ddtermin£es  sur  ordi- 
nateur  en  fonction  des  quatre  paramfetres  M , c 

et  A, A- 

Le  r£seau  des  courbes  ( Q , X ) an- 
nulant  la  correction  d' incidence  k Mach  0,9  pour 
une  aile  droite  d'allongement  7 (figure  11)  peut 
ainsi  §tre  4tabli  : il  n£cessite  15  minutes  de 


calcul  sur  IRIS  80.  Pour  annuler  la  correction 
d' incidence  sur  une  maquette  donn£e  dans  une 
soufflerie  donn£e  il  faudra  ajuster  la  porosity 
des  parois.  Si  cette  porosity  est  fix§e  il  faudra 
associer  une  dimension  de  maquette  C A la  for- 
me de  la  soufflerie  X . La  forme  rectangu- 

laire  d£finie  par  X * 1,91  pour  une  souffle- 

rie k parois  horizontales  ouvertes  Q - 1 et  une 
envergure  faible  f * 0 est  connue  d£jA  de 
longue  date  [22l  . A porosity  maxiraale  Q * 1, 

la  correction  d' incidence  sera  nulle  si  1* envergure 
relative  Z de  la  maquette  est  d'autant  plus 
£lev£e  que  la  forme  de  la  section  tendra  vers  un 
carr£  ( X - 1). 

L' influence  du  nombre  de  Mach  sur  les 
conditions  ( Q,  C,X  ) rendant  nulle  la  correc- 
tion d' incidence  (figure  12)  est  d’autant  plus 
faible  que  la  porosity  est  £lev£e.  En  particulier 
k Q = 1 les  conditions  raquises  sont  ind£p'n- 
dantes  du  nombre  de  Mach. 

L’ influence  de  la  fl£che  -A.  de  voi- 
lure  (figure  13)  est  de  la  m&me  manifere  d'autant 
plus  faible  que  la  porosit#  est  61ev4e.  Toutefois 
k porosity  maximale  (Q  = 1)  1' influence  de  A 
subsiste  et  se  manifeste  d'autant  plus  que  1* en- 
vergure relative  Z de  la  maquette  est  grande. 


3.3  - Veine  "id£ale"  exempte  de  toutes  corrections 

Il  a £t<$  vu  au  paragraphe  3.1  que  les 
conditions  requises  pour  annuler  les  corrections 
de  blocage  4taient  Q=ly  X *1,18  .A 
porosity  maximale  les  conditions  Z/X/A  requi- 
ses pour  annuler  les  corrections  de  portance 
(figure  14)  sont  insensibles  au  nombre  de  Mach. 

Il  s'ensuit  q le  pour  annuler  simultan£ment  les 
corrections  de  blocage  et  de  portance  il  faut 
associer  k une  veine  ( Q = 1 X = 1,18)  une  ma- 
quette dont  l'envergure  relative  r depend 
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faiblement  de  la  fl&che  : T = 0,86  b 0,89 

(figure  14).  Une  Celle  valeur  de  Z implique  un 
notnbre  de  Reynolds  suffisamraent  £lev£  pour  que  les 
extr£mit£s  d'ailes  ne  soient  pas  dans  la  couche 
limite  des  parois  lat£rales  : A titre  d'illustra- 
tion  les  £paisseurs  de  couche  limite  £ des 
parois  de  la  soufflerie  S2  de  Modane  autoriseraient 
une  valeur  maximale  r * 0,91  b une  pression  g£- 
n£ratrice  de  1,8  bar. 


3.4  - Veines  "optimales"  A corrections  de  portance 
n£gligeables 

La  veine  d£finie  ci-dessus  ne  peut  £tre 
consid4r£e  comme  "id£ale"  qu'en  lui  associant  une 
envergure  relative  T de  maquette  dont  la  valeur 
£lev£e  (0,86  A 0,89)  peut  fctre  redout£e.  En  fait, 
au  lieu  de  rechercher  les  caract£ristiques  veine- 
maquette  conduisant  b la  stricte  annulation  de 
toutes  les  corrections  de  parois,  on  peut  se  con- 
tenter  de  chercher  dans  quelles  conditions  les 
corrections  peuvent  &tre  n£glig£es  c'est  b dire 
qu'elles  ne  d€passent  pas  les  dispersions  de 
mesures  : une  telle  veine  sera  consid£r6e  comme 
"optimaie".  Bien  que  les  corrections  soient  uti- 
lisables  avec  conf iance, dans  la  gamme  de  taille  de 
maquettes,  d£finie  au  paragraphe  2,  une  veine 
"optimale”  permettra,  en  £vitant  les  calculs  de 
correction,  de  r£duire  les  coQts  et  d£lais  d'ob- 
tention  des  r£sultats  d'essais  industriels. 

Dans  un  premier  stade,  une  veine  "opti- 
male" au  sens  des  corrections  de  portance  eat 
recherch£e.  II  est  en  effet  loisible  de  contrer  , 
par  un  rlglage  de  la  divergence  des  parois  hori- 
zontales/la  correction  de  trainee  due  au  blocage 


par  une  correction  due  au  gradient  longitudinal 
de  pression  de  la  veine  vide  (buoyancy). 

Avec  les  notations  au  paragraphe  3.2,  la 
correction  de  portance,  entiferement  report£e  sur 
celle  d' incidence  est  : 

Ao t/c  ~ Sl.-b  IG.Af5(x-o)  + A^(x=A)] 

u A 

Les  courbes  iso  Ao<  / Ct  sont  obtenues  sur  ordina- 
teur.  De  tels  r£seaux  (figures  15  et  16)  dependent 
des  param&tres  A.  et  Q ; ils  ndcessitent  20 
minutes  de  calcul  sur  IRIS  80. 

3.4.1  - Veine  de  porosity  fix£e  1 

Les  r£seaux  iso  A>x/C j.  calculus  pour 
M = 0,9  , Q = 1 et  2 filches  0 et  45  degr£s  sont 
donnas  figures  15  et  16.  En  tolerant  une  correction 
I Aor°/Ci.  I ^ O.l  qui  n'entralne  qu'une 
incertitude  de  1 b 2 X du  gradient  de  portance,  et 
en  se  fixant  une  limite  maximale  raisonnable  de 
Z - 0,85  , il  est  possible  de  d£finir  des 
domaines  ( -c,  X ) autoris£s.  Comme  la  correc- 
tion d' incidence  est  proport ionnelle  b , ces 

zones  sont  d'autant  plus  £tendues  que  X est 
rSduit,  Par  contre  de  tel les  zones  sont  rdduites 
par  une  augmentation  de  la  flfeche 

Pour  une  flfcche  nulle  (figure  15),  selon 
X , une  ou  deux  plages  de  V sont  permises  : 
une  seule  plage  pour  X 1,16  et  X^  1,36  ; 
Deux  plages  pour  1,16  A 1,36.  Dans  ce  cas, 
de  grandes  valeurs  de  *c  sont  permises,  mais  les 
valeurs  moyennes  sont  interdites.  La  plus  forte 
valeur  de  x = 0,85  n'est  autoris£e  que  si 

1,16  O s<  1»30. 


X = 1.18  ZERO  BLOCAGE  CORRECTION 


FIGURE  15 

Courbes  iso-correction  d' incidence 
Aile  droite  - Mach  0,9  - Q * 1 


CUMUiUMU  m 

RANGE  T»,  X AUTHORIZED  BY  I,  «0.85,IA°f/C,.  I «0.1 


X = 1 .1 8 ZERO  BLOCAGE  CORRECTION 


FIGURE  16 

Courbes  iso  correction  d' incidence 
Aile  en  flAche  45°  - Mach  0,9  - Q : 


0.5  1.0  1.5  2.0 

RANGE  G,  X AUTHORIZED  BY  L<0  85,|A<*‘/Cl  | <0.1 


Pour  une  flAche  de  45  degr£s  (figure  16)  obtenues  pour  deux  filches  de  0 et  45  degr6s 

cas  des  raaquettes  de  chasseur^,  ’a  zone  autoris£e  (figures  17  et  18)  se  d£placent  vers  des  valeurs 

s'est  deplac6e  vers  des  valeurs  plis  £lev£es  de  X . plus  faibles  de  X lorsque  Q diminue.  Done  pour 
La  plus  grande  envergure  ( T = 0,85)  n'est  au-  une  veine,  A porositd  r£glable,  un  ajustement  de 

toris6e  que  si  1,26  4 ^ ^ 1,33.  II  n'existe  pas  porositd  Q A la  valeur  de  T permet  d'annuler  les 

de  limite  en  envergures  interm^diaires  si  X d6pas-  corrections  de  portance/en  ne  se  pr^occupant  pas 
se  1,58.  des  corrections  de  blocage.  Les  seules  restrictions 

existent  & T d’auuant  plus  61ev6  que  X est  fai- 
Beaucoup  de  veines  existantes  sont  carries  ble  (d'environ  X = 1,32  A r = 0,85  jusqu'A 
( X = 1)  et  possAdent  une  porosity  AlevAe  de  parois  \ = 2 0 A T = 0 5). 

(Q  = 1).  Une  rAgle  communAment  admise  pour  fabriquer 
les  raaquettes  est  de  ne  pas  dApasser  *c  - 0,7  ou 

une  obstruction  de  1 %.  Fortuitement , A flAche  3.5  - Veines  "optiraales"  A corrections  de  por- 

nulle,  ce  choix  est  le  plus  dAfavorable  (figure  15).  tance  et  de  trainee  nAgligeables 

Une  diminution  de  largeur  de  veine,pour  porter  X En  rejetant;  le  procfde  de  r«glage  de 

a l,18,poss&derait  dans  ce  cas,  sans  changer  de  dIvergence  des  parois  pour  annuler  la  correction  de 
maquette,  1 avantage  de  trainee  due  au  blocage,  on  peut  rechercher  une 

- annuler  les  corrections  de  blocage  (paragraphe  3.3)  veine  optimale  qui  permettra  de  n£gliger  simul- 

- s 'af franchir  des  corrections  de  portance.  tenement  les  corrections  de  portance  et  de  blocage: 


Un  tel  rdsultat  n'dtait  pas  pr^visible 
sans  calcul  du  r£seau  iso  Ad/Cu  sur  ordinateur; 
il  ddmontre  qu'un  accroissement  de  X et  de 
1 'obstruction  r£duit  nettement  les  corrections  au 
point  de  pouvoir  les  annuler  ou  les  ignorer.  Dans 
le  cas  d'une  flAche  de  45  degrds  (figure  16)  ce 
raisonnement  n'est  plus  entiArement  valaDle,  lorsque 
X passe  de  1 A 1,18  sans  modifier  la  maquette, 
les  corrections  de  blocage  sont  encore  annulAes 
mais  les  corrections  de  portance  sont  seulement 
rgduites  de  15  7.  et  ne  peuvent  ®tre  n<5glig£es. 


L ' ' fCL.o) 

La  correction  de  trainee  due  aux  bloca- 
ges  de  volume  et  de  sillage  est  (annexe  2)  : 


Veine  de  porosity  rdglable 

~ ~ O 

Les  zones  ( C,  X ) tel  les  que  t Aot/c^  I 
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FIGURE  18 

Influence  de  la  porositfe  Q sur  les 
domainea  X , X permettant  de 
nfegliger  les  corrections  d'incidence  - 
aile  en  flfeche  A = 45  degrfes 

0 


Pour  la  flfeche  de  45  degrfes  (figure  20) 
les  envergures  sont  plus  rfeduites  qu'4  flfeche 
nulle.  La  condition  Ao<7 Ct. > - 0,1  cesse 

d'exister  pour  X ^ 1,58.  La  condition  de  trai- 
nee est  couverte  par  celle  d'incidence  4 toute 
porositfe,  pour  Mach  0,9,  si  X^  1,18.  Comme  4 
flfeche  nulle,  l'envergure  maximale  est  obtenue 
4 Q croissant  lorsque  X augmente.  Au  d=14  de 
X =1,26,  l'envergure  maximale  4 lieu  4 
Q = 1 et  diminue  lorsque  \ crolt  (figure  16). 

La  figure  21  resume  1' ensemble  des  con- 
ditions optimales  de  forme  de  veine,  envergure 
relative  en  fonction  de  Q et  X requises  pour 
nfegliger  les  corrections  d'incidence  et  de  trainee. 

A fl&che  nulle  (figure  19,  et  pour  une 

veine  carrfee,  la  condition  d'incidence  n'autorise  Pour  qu'une  veine  permette  des  essais  de 

4 x.  supferieur  4 0,5  qu'une  gamme  envergure  V maquettes  de  mfeme  envergure  meximale  de  r pour 

de  plus  en  plus  fetroite  lorsque  la  porositfe  Q des  fl&ches  de  0 4 45  degrfes  il  faut  que  ses  carac- 

augmente.  Si  de  plus  la  condition  de  trainee  est  tferistiques  soient  les  suivantes  selon  le  cas  de 

superposfee  4 celle  d'incidenca,  la  plus  grande  en-  porositfe  : 

vergure  autorisfee  est  X = 0,45  pour  Q = 0,75  4 


dfepend  du  type  de  maquette.  A titre  d exemple, 
pour  des  maquettes  d'avion  de  transport  transsoni- 
que  et  de  chasseurs,  V est  respectivement  fegal  4 
0,0091  et  0,035.  La  limitation  en  trainee  depend 
des  5 paramStres  X , T , d)  , N\  et  A . 

Le  nombre  de  Mach  est  un  pai<an6tre  dfecisif  car  il 
intervient  par  4 la  puissance  4. 

Les  limitations  correspondant  aux  condi- 
tions, dans  lesquelles  les  corrections  d'incidence 
et  de  trainee  sont  nfegligeables , sont  reportfees 
dans  le  plan  ( Q,  X ) pour  4 formes  de  veine 
X = 1,0  - 1,18  - 1,39  et  1,60  dans  le  cas  de 
maquettes  de  flfeche  nulle  (figure  19)  et  45  degrfes 
(figure  20). 


Mach  0, 9(en  exceptant  les  valeurs  de  r supferieures 
4 0,851.  A plus  faible  Mach,  la  condition  de  trai- 
nee est  moins  restrictive  et  cesse  d'intervenir 
au  dessous  de  Mach  0,5,  quelle  que  soit  la  porositfe. 
Lorsque  X crolt,  les  conditions  de  tralnfee  sont 
moins  contraignantes  : elles  sont  couvertes  par  les 
conditions  d'incidence,  pour  toute  valeur  de  Q 4 
Mach  0,9  lorsque  X dfepasse  1,53.  La  condition 
AA°/CL  > — 0,1  cesse  d'intervenir  au  del4 
de  X = 1,36  : dans  ce  cas  toute  envergure 
infferieure  4 T = 0,83  est  permise  4 Q * 1,  Se- 
lon la  valeur  de  X , l'envergure  raaximale  x sera 
obtenue  a une  porositfe  Q croissant  avec  X et  x. 
Lorsque  X^  1,16  , l'envergure  maximale  est 
obtenue  pour  Q=  1 , elle  dfecrolt  alors  avec  X 
(figure  15). 


3.5.1  - P££ositf.|ij|£.9.r.l 


t maxi. 

X 

0,85 

de  1,26  4 

1,30 

0,80 

1,36 

1,45 

0,75 

1,44 

1,58 

0,70 

1,50 

1,68 

0,60 

1,57 

1,80 

0,50 

1,56 

2,00 

3.5.2  - Porositfe  aggrogrifee  ajustable 

Le  domaine  ci-dessus  s'agrandit  unique- 
men  t au-dessous  de  X = 0,7  et  requiert  de 
rfeduire  la  porositfe  lfegferement  aux  valeurs  suivan- 
tes pour  la  flfeche  de  45  degrfes. 


X =1.00 
SQUARE 


mm 


r maxi . 

X 

a 

0,70 

1,50 

1,00 

0,60 

1,52 

0,97 

0,50 

1,46 

0,92 

L'examen  de  la  figure  21  montre  Agalement 
qu'une  veine  caractArisAe  par  X = 1,58  et  Q * 1 
perraet  de  nAgliger  les  corrections  A 0(  , 

de  maquettes  de  fxAche  quelconque  pour  toute  enver- 
gure  infArieure  A 0,75.  Si  la  porosity  peut  Atre 
ajustAe  entre  0,97  et  1,00  1'intArAt  est  mediocre 
car  Z maximale  passe  de  0,75  A 0,77  seulement 
pour  une  faible  reduction  de  X dt  ? ,58  k 1,53. 

La  veine  optimale  est  done  ainsi  dAfinie  : 
X ■=  1,58  Q * 1 0,75 

L'intArAt  d'une  telle  veine,  par  rapport 
aux  caractAristiques  indiquAes  dans  les  deux  ta- 
bleaux ci-dessusy  est  de  permettre  toute  envergure 
plus  faiL/ie,  alors  que  dans  les  cas  autorisant 
des  valeurs  plus  AlevAes  de  c , des  restrictions 
existent  : ainsi  k titre  d'exemple  pour  A =1,36, 
une  envergure  Z =0,83  peut  Atre  atteinte,  mai*, 
les  valeurs  0,42  4 C ^ 0,79  ne  sont  pas  autori- 

sAes,  mAme  avec  une  porosity  appropriAe. 


II  y a lieu  de  noter  que  quatre  para- 
mAtres  ont  ici  AtA  considArAs  dans  la  recherche 
d'une  veine  optimale  : c y A , Q et  que 

d'autres  paramAtres  pourraient  Atre  ajoutAs,  tel- 
les  que : longueur  de  permeability  et  dissvmAtrie 
de  porositAs  des  parois  haute  et  basse. 

Leur  introduction  possible  en  Acoulement  bidi- 
mensionnel,  compliquerait  considArablement  les 
calculs  en  Acoulement  tridimensionnel  par  la 
mAthode  analytique.  En  particuiier  1 'etude  d'une 
Atendue  restrictive  de  la  zone  poreuse  pourrait 
Atre  effectuAe  avec  la  mAthode  des  petits  pavAs. 

4 - RECHERCHE  D'UNE  CONFIGURATION  OPTIMALE  DE 
VEINE  COURANT  PLAN 


4.1  - Corrections  de  parois  en  Acoulement 
bidimersionnel 

Si  en  Acoulement  tridimensionnel,  les 
obstructions  sont  modArAes  par  suite  de  1' enver- 
gure limitAe  des  maquettes,  par  contre  en  Accu- 
lement  bidimensionnel  il  est  courant  de  consi 
dArer  des  obstructions  AlevAes,  supArieurs  k 3%. 

De  ce  fait  les  corrections  de  parois  sont  rlus 
AlevAes  que  celles  rencontrAes  en  tridimensionnel. 
Comme  par  ailleurs  les  formules  conduisant  aux 
coefficients  de  corrections  sont  nettement  moins 
compliquAes  qu'en  tridimensionnel,  des  schAmati- 
sations  plus  raffinAes  des  profils  et  des  parois 
peuvent  Atre  apportAes. 

Ainsi^des  singularitAs  d'ordre  AlevA 
ont  AtA  introduites  C 23 j pour  representer  le 
potentiel  maquette  alors  qu'en  theorie  clas- 

sique  l'ordre  est  limite  k 2.  Ceci  conduit  k 1 'ap- 
parition dans  les  termes  de  blocage  de  volume  de 
puissances  de  C/N  superieures  k 2 f 3l  . En 

fait  cette  schematisation  est  necessaire  seulement 
si  C/H  depasse  0,3.  Dans  le  cas  des  essais 
effectues  dans  la  soufflerie  S3  de  Modane  C/H  ne 
depasse  pas  0,27  et  une  valeur  de  0,23  est  recom- 
mandee. 


En  ce  qui  conceme  les  parois,  les  coef- 
ficients de  corrections  ont  ete  calcuies  au  centre 
maquette  ( nuls)  en  fonction  de  la  longueur 

3 de  permeability  de  la  veine.  L'influence  est 
negligeable  sur  les  coefficients  de  corrections 
de  portance  dAs  que  cl/w  depasse  2 [24]  ; elle 

est  plus  importante  sur  les  coefficients  de  cor- 
rection de  blocage  [25]  si  la  permeability  des 
parois  est  faible. 


La  determination  de  la  porosite  des  pa- 
rois peut  Atre  recherchee  experiments  lenient  A 
partir  des  gradients  de  portance  en  reference  d' es- 
sais realises  en  veine  guidee.  Cette  methode 
necessite  des  essais  suppiementaires  en  veine  gui- 
dee et  des  comparaisons  qui  peuvent  Atre  raises  en 
doute  par  suite  de  1 ' introduction  de  paramAtres 
eventuels  tels  que  le  niveau  de  bruit  dependant 
de  l'etat  des  parois.  La  porosite  Q des 
parois  peut  aussi  Atre  recherchee  directement, 
sans  essais  de  reference,  en  ajustant  k l'aide 
d'un  balayage  en  Q des  repartitions  de  pressions 
sur  les  parois  calcuiees  theor i quement  sur  celles 
mesurees  en  essais.  Ces  deux  methodes  supposent 
q'une  seule  inconnue  est  k determiner  : la  poro- 
site Q egale  sur  les  deux  parois. 


II  est  egalemenl  possible  de  recher- 
cher  N inconnues  en  se  fixant  N donnees.  Pour 
N = 2 , les  deux  inconnues  peuvent  Atre  : 

- les  2 porosites  et  Qe,  des  deux  parois 
supposees  constantes  tout  le  long  des  parois 

[26] 

- une  loi  s identique  pour  les  deux  parois, 
contenant  deux  paramAtres  f274 

Q = 

tenant  compte  d'une  variation  longitudinale  de 
la  porosite. 

Bien  entendu,  plus  le  nombre  d' inconnues 
sera  eieve,  plus  on  aura  de  chance  de  faire  coin- 
cider 1 'ensemble  des  resultats  obtenus  sur  profils 
homothetiques  avec  divers  types  de  parois  mais  on 
accrottra  alors  d'autant  plus  1 ' imprecision  sur 
chaque  paramAtre.  Le  system*?  d' equations  A rAsou- 
dre,  resultant  des  conditions  ux. limites  sor  les 
parois,  est  non  linAaire  ec  peut  contenir  des 
integrales  de  forme  compliquee.  Si  A partir  des 
donnees  il  n'est  pas  pensable  de  determiner  Ji- 
rectemenl  les  inconnues , la  resolution  du  svstAme 
peut  Atre  effectuee  par  un  balayage  des  paramA- 
tres  cherchAs  et  la  recherche  du  meilleur  compro- 
mis  par  optimisation. 

4.2  - Corrections  de  parois  en  veine  dissymAtrique 
Dans  les  hypothAses  suivantes  : 

- singularitAs  d'ordre  2 : doublet,  source  et 
tourbillon,  reprAsentant  le  profil 

- porosite  constante  mais  diffArente  sur  les  deux 

parois  haute  et  basse  : Q ^ et  Qa 

les  vitesses  de  perturbations  au  centre  veine 
( t nul) , donnAes  en  annexe  2,  sont  au  nombre 
de  6 et  non  3 comme  en  veine  symAtrique.  Aux 
vitesses  axiales  dues  aux  deux  termes  de  blocage 
et  A la  vitesse  verticale  due  au  terme  de  portance 
se  superposent  une  vitesse  axiale  due  au  terme 
de  portance  et  deux  vitesses  verticales  dues  aux 
termes  de  blocage.  Les  termes  IAA  A INN  (annexe 
3)  contenus  dans  les  intAgrandes  des  vitesses 
de  perturbations  sont  les  solutions  du  systAme  de 
quatre  Aquations  correspondant  aux  conditions 
limites  sur  les  deux  parois  (au  lieu  de  deux 
Aquations  A deux  inconnues  en  veine  symAtrique). 


4.3  - "vcherche  de  la  configuration  optimale  de 
veine  dissymetriQue 


Le  programme  de  calcul  des  corrections 
de  parois  Atabli  pour  une  veine  dissymAtrique 
a AtA  complete  de  maniAre  A obtenir  dans  le  plan 
( Qm/ ^5  ) les  courbes  isocorrection  de  Mach 
AM  d' incidence  Ao<  et  de  tralnAe  ACj>  . Chaque 
correction  est  prise  indApendamment  en  ce  sens 
que  la  correction  de  tralnAe  ne  contient  pas  les 
termes  dus  A AM  et  Ao(  et  que  la  correction 
de  portance  ne  contenant  pas  la  correction  due 
A AM  est  reportAe  sur  1 'incidence  : 


A#.  If*-1]  + % I±  „ 


Ou.  I « S+Uf  L 


La  durde  d'obtention  d'un  r£seau  iso 
correction,  obtenu  par  interpolation  k partir  des 
corrections  calculfes  pour  121  couples  ( Q&  ) 
n£cessite  3 minutes  de  calcul  sur  ordinateur  IRIS 
80.  Un  tel  r£seau  depend  de  5 paramfetres  ,4/c 

M , Cl  , Ci  . L'  influence  de  chaque  param&tre 
pris  isoiement  est  loin  d'etre  evidente  ainsi  que 
les  exemples  suivants  le  raontrent.  On  verra  en 
particulier  que  la  generalisation  hStive  et  1* in- 
tuition sont  k prohiber  et  que  seuls  des  calculs 
sur  ordinateur  permettent  de  definir  une  confi- 
guration optimale  de  parois. 


22)  est  importante  : les  reseaux  de  courbes  sont 
al teres  profondement , tant  en  allure  qu'en  espace- 
raent.  L'obtention  d'une  veine  exempte  de  correc- 
tions Ao<  , AM  n'est  realisable  qu'&  portance 
nulle  et  pour  Cl  superieur  k 0,3.  C'est  pour- 
quoi  une  veine  "optimale",  telle  que  les  correc- 
tions puissent  etre  negligees  en  regard  des  dis- 
persions de  mesure,  c'est  k dire  telle  que 


I ami  4 0,004  IA«<0|4  0,05 


L' influence  du  niveau  de  portance  (figure 

Qm  Qm 


est  recherchee.  Les  domaines  ( Ou  / Q B ) remplis- 
sant  s imu 1 tan erne nt  ces  deux  conditions  sont  deii- 
mites  figure  23.  Dens  le  cas  de  portance  nulle  ou 


Cl -035  ✓' 

/ 

Co-  0.011  / / 


/ / / 


Ct  .030 


CD  .0013  ]/<&'' 


CL  _ 070 
C.  .0025 


4k/. 


/ s ' /.  ✓ 

''''SWSl* 


\s's'//,','} 
'i  's  y s s / 


PROFILE 


IC/H  =0.23 


le/c  =0.16 


MACH  070 


CORRECTION 
ISO  Ad° 

ISO  AM 


FIGURE  22 


Reseaux  iso  A«,  <5M  en  veine  courant 
plan  dissymetrique 
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positive  le  couple  ( Qh  • 0,22  , - 0,00) 

permet  de  satisfaire  aux  conditions  imposAes  : 

Pour  un  Cl  variant  de  0 A 0,70,  les  corrections 
AM  et  Aal  sont  respect ivement  de  + 0,006  & 

- 0,002  et  - 0,05°  A - 0,03°.  Au  Ct  nAgatif,  le 
domaine  autorisA  est  symAtrique  de  celui  obtenu 
en  Cl  positif.  Corame  de  faibles  Cl  nAgatifs 
sont  AtudiAs,  le  couple  ( Q H * 0,22  , = 0,00) 

est  encore  correct  car  A Cl  = - 0,15,  les  correc- 
tions sont  AM  : + 0,005  et  Aot  = + 0,06°. 

Lorsque  le  nombre  de  Mach  augmente,  A 
portance  moyenne  Cl  = 0,35  (figure  26)  le  domai- 
ne  ( Qk  , ©6  ) autorisA  se  rAtrAcit.  La  gamme  de 
Qh  autorisAe  en  paroi  basse  pleine  ( <Pa  = 0) 
s'amenuise  mais  contient  toujours  la  porositA 
Oh  = 0,22^m6me  A nombre  de  Mach  AlevA. 

L'intArSt  d'une  veine  courant  plan  A 
paroi  basse  pleine  et  A parois  haute  de  faible 
permAabilitA  est  manifeste.  II  reste  cependant 
A rechercher  pour  quelles  dimensions  de  profil 
une  telle  veine  reste  optimal*. 

Dans  le  plan  ( Qh  , ^/M  ) les  courbes 

correspondant  aux  limitations  imposAes  en  Aoi  et 
AM  sont  tracAes  pour  diverses  Apaisseurs  relati- 


ves ®/e  (figure  25).  Les  contours  ombrAs  dAlimitent 
les  zones  autorisAes  ( , c/ H ).  Les  deux  exem- 

ples  donnAes  figure  23  montrent  la  nAcescitA  de 
calcul  sur  ordinateur.  En  effet  on  peut  penser  que 
molns  le  profil  sera  Apais,  plus  le  domaine  autorisA 
s'agrandira.  II  n'en  est  pas  ainsi  car  les  domaines 
autorisAs  par  les  conditions  sur  A*f  et  AM  se 
dAplacent  de  telle  sorte  que  le  domaine  autorisA  est 
bornA  par  des  limitations  diffArentes  (figure  25). 
Ainsi  pour  ®/c  =0,16  , partant  de  QH<.o  on 
trouve  des  limitations  successivement  dues  A AM 
Ae<  puis  AM  alors  que  pour  ®/c  = 0,06 

elles  sont  dues  A Ao(  puis  AM 

En  outre  si  une  limitation  due  A ACj, 
est  ajoutAe,  elle  rescreint  le  domaine  ( <?h(  c/M  ) 
pour  «/C  = 0,16  mais  n'intervient  pas  pour 
*/c  = 0,06.  La  plus  grande  corde  est  obtenue 
pour  une  permAabilitA  de  paroi  haute  Qh  voisine 
de  0,22.  Les  cordes  et  Apaisseurs  relatives  rApon- 
dant  aux  conditions  imposAes  sur  AM  et  A tl  sont 
optimales  pour  ( Qh  = 0.22  - Qg  = 0,0) 

(figure  26).  Les  dimension,'  de  profil  permises  sont 
limitAes  par  deux  courbes  dues  A la  limitation 
&■<*  = + 0,05°  et  une  courbe  correspondant  h 
AW  = + 0,004.  Le  domaine  obtenu  est  ensuite 
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Veine  A paroi  basse  pleine  - Domaines 
Q„  ( C/H  autorisAs 
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Qh=022 


M = 0.70  CL  =0.35 


FIGURE  26 

Veine  optimale  en  courant  plan 

( Oh  * 0,22  - Qb  = 0,00) 

C/ ^ autorises  en  fonction  de  ®-/c 


restreint  par  une  condition  suppl&nentaire  sur 
la  correction  de  trainee.  Si  par  exemple  cette 
condition  est  fix£e  t 1.10“ 3 , la  corde  maxima  - 
maximorum  C/H  * 0,378  doit  6tre  associ6e  A une 
epaisseur  ®/C  = 0,065.  Pour  une  epaisseur  re- 

lative plus  faible,  on  plus  61ev£e,  la  corde  devra 
Stre  reduite;  ainsi  un  profil  de  16  % ne 

devra  pas  Stre  plus  grand  que  c/4*|  = 0,228. 

II  y a lieu  de  remarquer  que  pour  cette  valeury  des 
singularity  d'ordre  2.  suffisent  pour  representer 
le  profil  (paragraphe  4.1).  Bien  entendu  des  cordes 
plus  grandes  peuvent  fctre  utilisdes  dans  la  veine 
optimale  : dans  ce  cas  les  corrections  devront  Stre 
calculdes  car  ddpassant  les  dispersions  de  mesure. 


4.4  - Intgr&t  d'une  paroi  basge  pleine 

La  configuration  optimale  des  parois  per- 
mettant  de  n£gliger  les  corrections  ( = 0,22  - 

Oft  = 0,0)  poss&de  un  avantage  interessant  du 
fait  de  1 'utilisation  d'une  paroi  basse  pleine  ; 

1 ' inconnue  Qb  disparalt  et  par  suite  la  determi- 
nation de  la  porosite  Q h est  beaucoup  plus 
aisde  si  les  corrections,  ra&me  negligeables,  sont 
calculdes.  Ce  resultat  peut  Stre  generalise  au 
cas  d'une  veine  dissymetrique  A paroi  basse  pleine, 
mSme  si  la  porosite  de  la  paroi  haute  n'est  pas 
optimale . 

L'interSt  d'une  paroi  basse  pleine  est 
confirme  en  cherchant  les  domaineslQ*  , c/h  ) pour 
lesquels  les  corrections  sont  negligeables  A diver- 
ses  porosites  Qa  (figure  27).  Lorsque  Qr 
augmente,  le  domaine  autorise  s'amenuise  trAs  ra- 
pidement.  La  corde  maximale  peut  Atre  obtenue  pour 
une  porosite  Q\^  de  plus  en  plus  faible  lorsque  la 
porosite  GJacrolt;  cette  corde  diminue  trAs  rapi- 
dement  si  augmente.  De  toute  maniAre  i'in- 

tArAt  de  la  porosite  nulle  sur  paroi  basse  est 
manifeste  et  une  porosite  reduite  de  paroi  haute  ne 
peut  qu'Atre  favorable.  Une  veine  totalement 
guidee  est  moins  bonne  et  n 'autoriserait  qu'une 
corde  plus  faible  que  celle  permise  par  la  veine 
optimale  proposee  ( c/^  * 0,23  contre  0,16  en 

veine  guidee). 

II  y a lieu  de  bien  distinguer  l'effet 
favorable  d'une  veine  dissymetrique  avec  un  profil 
place  au  centre  de  la  veine  de  l'effet  d'un  profil 
excentre  en  veine  guidee  ou  les  corrections  doi- 
vent  Atre  majorees  en  blocage  T28]  alors  qu'il  est 
possible  d'obtenir  des  corrections  de  portance  null 
en  decalant  vers  le  bas  le  profil  d'une  quantite 
dependant  de  1' incidence  f 29  J . 
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FIGURE  27 

Influence  de  la  porosite  de  paroi  basse 
Ob  sur  les  cordes  autorisees  par  les 
limitations  , 1B«*U0,05 


4.5  - Validite  de  la  veine  optimale  au  sens  local 

La  configuration  optimale  de  veine, 
definie  au  paragraphe  4.3,  a ete  determinee  dans  le 
but  de  s'affranchir  des  corrections  de  parois  au 
sens  global.  II  est  interessant  de  regarder  si,  au 
sens  local  des  repartitions  de  presslons,  les  cor- 
rections sont  6galement  negligeables  c'est  A dire 
si  les  repartitions  de  pressions  sur  le  profil  ne 
s'ecartent  pas  trop  de  celles  qui  seraient  obtenues 
en  atmosphere  illimitee.  A cet  effet  les  reparti- 
tions de  nombre  de  Mach  sur  l'extrados  et  l'intra- 
dos  d'un  profil  NACA  0012;dont  le  rapport  C/H  * 
0,23,ont  ete  calcuies  theoriquement  en  fluide 
parfait.  Le  calcul  a ete  effectue  A Mach  0,70, 

C*  * 2,5  degres  d'une  part  en  atmosphere 
illimitee  et  d'autre  part  pour  trois  configura- 
tions de  veine  : 

ej  - veine  de  porosite  symetrique  Q„  = Ob  - 0.5 

- veine  guidee 

- veine  optimale  * 0,22  - * 0,00 


Les  differences  enere  les  nombres  de  Mach 
calculus  pour  une  veine  donnfe  ec  en  atmosphere 
illimit£e  sont  portfes  en  fonction  de  la  profondeur 


NACA  0012  c/| 
M=0.7  «*=2-5 


FICl'RE  78 


Ecarts  entre  nombres  de  Mach  locaux 
d‘un  profit  NACA  0012  en  presence  de 
parols  et  en  atmosphere  illimitee. 


figure  28.  Le  notnbre  de  Mach  local  calculi  en 
atmosphere  illimitee  est  respect*  A ♦ 0,006  en 
presence  de  parols  aux  profondeurs  de  corde  sui 
vantes  : 

veine  extrados  intrados 

porosite  symetrique  e 100  X 50  i 100  X 

guid*e  90  i 100  T 0 a 100  X 

optimale  1 a 100  X 10  a 100  X 


Des  etudes  paramlt r iques  sur  ordinateur, 
utilisant  les  programmes  de  calcul  des  coefficients 
de  correction  de  parois  en  veino  transsonique  a 
parois  perfor*es  ont  et*  men*es  dans  un  double 

but 

- formuler  des  recontnandat ions  sur  le  dimension- 
r.eoent  des  maquettes  pour  que  les  corrections 
de  parois  d'un  niveau  tolerable  puissent  £tre 
app  1 lqules  avec  un  degr*  de  confiance  satlsfai- 
sant 


Les  ecarts  maximaux  de  nombre  de  Mach  sont  les 
suivants  : 

veine  extrados  intrados 

porosite  sym4trique  - 0,116  * 0,057 

guid*e  + 0,024  - 0,004 

optimale  - 0,011  *■  0,010 

ils  sont  atteints  au  volsinage  du  bord  d'attaque. 

En  veine  a porosite  symetrique,  seule  la  moiti* 
aval  du  profil  possfcde  une  repartition  de  Mach 
correcte  ; pr&s  du  bord  d'attaque  les  Mach  diffe- 
rent enormement  de  ceux  calcuies  sans  parois. En 
veine  guid*e,  si  les  nombres  de  Mach  sont  blen  res- 
pects sur  tout  l 'intrados,  par  contre  sur  I'extra- 
dos  ils  sont  trop  eiev*s  sauf  au  bord  de  fuite. 
C'est  en  veine  optimale  que  le  nombre  de  Mach  local 
est  le  mieux  respect*  sur  les  2 c8t6s  du  profil  ; 
Seule  une  r*gion  restreinte  de  bord  d'attaque  n'est 
prs  correcte,  Une  correction  globale  de  Mach  de 
0,004  d 0,006  sur  tout  le  profil  correspond/ dans 
le  *?eul  cas  de  la  veine  optimale^&  la  correction  de 
Mach  calcuiee  au  sens  global. 


rechercher  les  meilleures  conditions  d'emploi  des 
veines  existantes  associ*es  h certaines  tallies 
de  maquettes  de  telle  sorte  que  les  corrections 
de  parois  soient  idealement  nullesCveine  ideale) 
ou  n*gligeables  c'est  h dire  n'exc*dant  pas  les 
dispersions  de  mesures  (veine  optimale). 


En  *couIement  tridimens ionnel , 1'interSt 
d'une  veine  de  rapport  hauteur/ largeur  de  1,18 
poss*dant  des  parois  horizontales  a permeabilit* 
maximale  est  d'annuler  strictement  les  corrections 
de  blocage.  Pour  annuler  s imultan£ment  les  correc- 
tions de  portance  il  faut  associer  h cette  veine 
des  maquettes  dont  le  rapport  envergure  /largeur 
veine,  selon  la  flfcche,  est  de  0,86  h 0,89,  ce  qui 
peut  paraltre  excessif  du  fait  de  la  proximit*  des 
extr*mites  d'ailes  et  de  la  couche  limite  des 
parois  verticales.  En  consid*rant  que  des  correc- 
tions d' incidence  J I & 0,1  sont  n£gligeables 

ces  rapports  peuvent  8tre  abaissfs  l£g6rement 


L 1 integration  des  repartitions  de  pres- 
slons  conduit  8 des  coefficients  de  portance 
s'ecartant  de  celui  obtenu  en  atmosphere  illimltee 
de  + 0,7  7,  + 4,7  7,  et  - 17  7.  respectiveraent  en 
veine  optimale,  guidee  et  symetrique. 


Dans  le  cas  de  maquettes  h aile  droite, 

1 'utilisation  de  maquettes  d'envergure  dgale  4 
0,7  fois  la  largeur  de  veine  en  veine  carrfe  cons- 
titue  le  cas  le  plus  defavorable  sous  1 'aspect  des 
corrections  de  portance.  En  conservant  la  m?me 
maquette  et  en  reduisant  la  largeur  de  veine  pour 
que  le  rapport  hauteur/largeur  de  veine  soit  1,18 
les  corrections  de  parois  peuvent  4tre  nfgligfes. 


II  apparalt  done  que  la  veine  optimale 
obtenue  4 partir  de  corrections  au  sens  global 
est  £galement  correcte  au  sens  local,  en  dehors 
d'une  zone  trfes  restreinte  de  bord  d'attaque  ou 
les  hearts  de  pressions,  par  rapport  4 1 'atmosphere 
illimltee,  existant  dans  une  zone  de  fort  gradient 
de  vitesse  n'entralnent  sur  le  coefficient  de  por- 
tance qu'une  erreur  inferieure  417. 
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II  apparalt  done  que/dans  ce  cas/ un  moyen 
simple  de  s'affranchir  des  corrections  consiste  k 
accroltre  1 'obstruction  de  la  maquette  en  veine  et 
son  rapport  envergure/largeur  de  veine.  Cette  con- 
clusion assez  paradoxale  va  k l'encontre  du  ldflexe 
habitue  1 de  dimensionnement  des  maquettes. 

Lorsque  la  fldche  des  voilures  augmente, 
les  rapports  hauteur/largeur  de  veine  requis 
pour  ndgliger  les  corrections  de  portance  augmen  - 
tent  au  detriment  des  corrections  de  blocage. 

Les  caractdristiques  d'une  veine  "optimale"  per- 
mettant  de  s'affranchir  des  corrections  de  portance 
et  de  trainee  pour  toute  envergure  relative  infd- 
rieure  k 0,75  sont  : 

hauteur/largeur  = 1,58,  porosity  maximale  Q = 1 

En  dcoulement  bidimens ionne 1 , 1' introduc- 
tion d'un  param&tre  suppldmentaire  : la  difference 
de  porosite  des  deux  parois,  conduit  k la  definition 
d'une  veine  optimale  permettant  de  negliger  les 
corrections  de  parois.  Cette  veine  est  constituee 
d*une  paroi  basse  pleine  et  d'une  paroi  haute  de 
faible  permeabilite.  Sa  validity,  pour  une  gairme 
etendue  en  Mach  et  portance,  requiert  de  ne  pas 
depasser  des  rapports  cordes /hauteur  de  veine 
dependant  de  l'epaisseur  relative  du  profil.  A 
titre  d'illustration  pour  des  profils  de  10  °U  et 
16  % les  rapports  autorises  vont  respectivement 
jusqu'A  0,30  et  0,23.  La  veine  optimale,  etablie 
k partir  de  calcul  de  corrections  de  parois  au 
sens  global  est  demontree  Stre  valable  au  sens 
local  des  repartitions  de  pressions  k l'aide  d'un 
calcul  theorique  en  reference  de  1 'atmosphere 
illimitee. 

Des  exeraples  cites  ci-dessus  il  ressort 
que  toutes  les  possibilites  des  veines  actuelles 
n'ont  pas  encore  ete  mises  k profit,  soit  pour 
augmenter  la  taille  des  maquettes  tout  en  conser- 
vant  des  corrections  de  parois  raisonnables , soit 
pour  rechercher  des  configurations  permettant  de 
s'affranchir  de  ces  corrections.  L' introduction  de 
parametres  supplementaires  tels  que  la  difference 
de  porosite  volontaire  des  parois,  1 'etendue  des 
zones  perforees,  1 'excentrement  des  maquettes, 
permet  des  utilisations  fructueuses  des  veines 
dej£  existantes,  en  ne  considerant  que  des  veines 
cylinCriques . 
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ANNEXE  -2- 

INTERACTIVE  CORRECTIONS 
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ANNEXE  -3  - 
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WIND  TUNNEL  TESTS  AND  AERODYNAMIC  COMPUTATIONS i THOUGHTS  ON  THEIR  USE  IN  AERODYNAMIC  DESIGN 

by 

J.W.  Slooff 

NATIONAL  AEROSPACE  LABORATORY  (NLR) 

Anthony  Fokkerweg  2,  Amsterdam-1017 
The  Netherlands 

SUMMARY 

In  the  past  10-15  years  important  developments  have  taken  place  in  numerical  methods  for  flow  compu- 
tations as  well  as  in  wind  tunnel  testing  technology.  Numerical  methods  in  particular  have  provided  the 
aerodynamic  designer  with  a new  set  of  tools. 

After  comparing  the  possibilities  and  limitations  of  numerical  methods  on  the  one  hand  and  wind  tun- 
nel tests  on  the  other,  a discussion  is  given  on  their  respective  roles  in  aerodynamic  design. 

It  is  concluded  from  the  discussion  that  the  key  problems  of  aerodynamic  design  are  not  solved  by  sub- 
stituting numerical  methods  for  the  wind  tunnel.  The  developing  of  numerical  methods  that  produce  optimized 
geometries  on  the  basis  of  simplified  physios  deserves  at  least  as  much  attention  as  the  pursuit  of  full 
Navier-Stokes  solutions  for  given  geometries. 

1.  INTRODUCTION 

Since  the  large-scale  introduction  of  high-capacity  digital  computers  in  the  early  and  mid-60's  there 
have  been  tempestuous  developments  in  numerical  methods  for  flow  computations.  The  achievements  this  has 
led  to,  are  presently  of  great  practical  interest.  They  constitute  what  might  be  called  a new  scientific 
discipline:  computational  fluid  dynamics.*’ 

Figure  1 illustrates  the  enormous  gain  in  computational  efficiency  obtained  over  the  last  10-15  years 
and  the  rapidly  widening  scope  of  computational  a?rplane  aerodynamics.  Shown  are  the  trends  of  computation 
times  for  the  computational  methods  that  are  being  used  in  today's  design  studies  for  tomorrow's  genera- 
tion of  subsonic  aircraft.  It  can  be  observed  that  singularity-type  2-d/3-d  inviscid  subsonic  flow  compu- 
tations (Refs.  2-9)  as  well  as  2-d  inviscid  transonic  flow  computations  (Refs.  10-12)  have  become  a 
routine  matter,  3-d  inviscid  transonic  flow  computations  (Refs.  13-16)  seem  to  have  reached  the  stage  of 
practical  applications,  but  with  the  exception  of  reference  16,  have  limited  applicability  due  to  the 
small  perturbation  assumptions  (Ref.  17).  Methods  including  boundary  layer  corrections  are  operational  for 
2-d  flows  but  depend  heavily  on  empiricism  (Refs.  18-19,  12). 

The  developments  in  wind  tunnel  testing  technology  over  the  some  period,  are  perhaps  less  spectacular 
in  appearance  but  not  necessarily  less  important.  Due  also  to  the  computer,  (at  least  to  a large  extent), 
the  efficiency  of  data  acquisition  systems  for  both  force  and  pressure  measurements  has  increased  signifi- 
cantly, and  model  manufacturing  techniques  have  been  improved.  New  evolving  concepts,  like  cryogenic  and 
self-correcting  tunnels  (Refs.  20,  21),  when  fully  developed,  could  constitute  major  breaks-through  in 
wind  tunnel  technology. 

Although  important  achievements  can  be  recorded  for  both  the  experimental  and  computational  disci- 
plines, it  can,  nevertheless,  be  noticed  that,  that  there  is  a difference  in  the  significance  of  these 
achievements.  From  the  point  of  view  of  aerodynamic  design  the  developments  in  wind  tunnel  technology 
have  greatly  improved  existing  possibilities  for  design  development  and  verifi ;ation,  whereas  mr_  possi- 
bilities are  being  created  through  numerical  methods. 

The  objective  of  the  present  paper  is  to,  critically,  consider  the  role  of  our  new  computational 
tools  in  relation  to  that  of  our  classical  tool  the  wind  tunnel  in  the  aerodynamic  design  process  of 
flight  vehicles.  For  that  purpose  we  will  first  compare  the  possibilities  and  limitations  of  computa- 
tional aerodynamics  on  the  one  hand  and  wind  tunnel  testing  on  the  other.  Having  established  the  comple- 
mentary aspects  of  the  two,  attention  will  be  paid  to  the  question  of  their  combined  use  in  aerodynamic 
design. 

2.  NUMERICAL  METHODS  AND  WINOTUNNEL  TESTS;  POSSIBILITIES  AND  LIMITATIONS 

Because  of  the  large  number  of  technical,  structural  and  financial  aspects  of  both  wind  tunnel 
testing  and  aerodynamic  computations  a complete  assessment  of  their  respective  possibilities  and  limita- 
tions seems  an  impossible  task.  The  summary  contained  by  figure  2 is  therefore  necessarily  crude  and  in- 
complete, but  sufficiently  detailed  for  the  purpose  of  illustrating  the  complementary  aspects. 

The  key  value  of  wind  tunnel  testing  is  of  course  that,  in  the  wind  tunnel,  we  are  dealing  with  com- 
plete physics.  Although  these  are  not  always  the  required  physics  (e.g.  in  terms  of  Reynolds  numjer,  tur- 
bulence and  noise  levels  etc),  they  do  allow  us  to  study  most  if  not  all  phenomena  that  may  occur  in  the 
flow  about  flight  vehicle  configurations.  In  contrast,  numerical  methods  represent  only  part  of  the 
physics  and,  hence,  can  describe  only  a limited  number  of  flow  phenomena. 

An  attractive  aspect  of  numerical  methods  is  that  flow  computations  do  not  need  to  suffer  from  wall 
and/or  support  interference.  In  fact,  numerical  methods  can  be  used  and  are  used  in  understanding  the 
mechanism  and  establishing  the  magnitude  of  wall  and  model  support  interference  in  wind  tunnel  testing. 
This  supplementary  role  of  numerical  methods,  in  design  verification,  is  a subject  on  it's  own  and  out- 
side the  scope  of  this  paper. 

A major  advantage  of  numerical  methods  is  the  high  flexibility  with  respect  to  changes  in  model  con- 
figuration: we  can  compute  in  sequence,  the  (potential)  flow  around  perhaps  a dozen  or  more  wings  in  the 
time— span  needed  for  the  manufacturing  and  testing  of  one  wind  tunnel  model.  The  high  level  of  accessibi- 
lity of  modern  computer  systems  in  relation  to  that  of  wind  tunnels  is  one  of  the  reasons  for  this 
situation. 

An  aspect  related  to  cost  is  that  once  we  have  a wind  tunnel  model  (and  the  wind  tunnel)  it  takes 
relatively  little  time  and  effort  to  measure  the  aerodynamic  characteristics  for  a large  number  of  flow 
conditions;  the  cost  per  data  point  reduce  rapidly  with  the  number  of  data  points.  ThiB  is  probably  some- 
what less  the  case  with  aerodynamic  computations  where  the  variable  costs  (actual  computation  costs)  have 
the  tendency  to  constitute  a larger  percentage  of  the  total  costs.  However,  there  is  often  not  much  of  a 
point  in  performing  an  exhaustive  number  of  calculations  for  one  configuration;  becaure  of  the  simple 

*)The  status  and  prospects  of  computational  fluid  dynamics  have  recently  beer,  summarized  by  Chapman 
(Ref.  1). 
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physics  in  the  mathematical  models  the  limits  of  useful  application  are  easily  exceeded. 

Probably  the  most  important  and  also  unique  aspect  of  computational  methods  is  the  ability  to  do  not 
only  the  "direct"  problem  (i.e.  the  determination  of  the  flow  about  a given  shape)  but  also  the  "inverse" 
or  "design"  problem  of  determining  the  shape  that  produces  a given  pressure  distribution.  Oddly  enough,  it 
seems  that  this  possibility,  which  should  be  of  great  interest  to  the  aerodynamic  designer,  has  received 
relatively  little  attention. 

Having  established  the  possibilities  and  limitations  of  wind  tunnel  testing  on  the  one  hand  and  nume- 
rical methods  on  the  other  we  will  next  pay  attention  to  the  question  of  how  to  exploit  the  respective 
capabilities  in  the  aerodynamic  design  process. 


3.  THE  ROLE  OF  NUMERICAL  METHODS  AND  WIND  TUNNEL  TESTING  IN  THE  AERODYNAMIC  DESIGN  PROCESS 

Prior  to  considering  the  aerodynamic  design  process  itself  it  is  useful  to  have  a quick  look  at  the 
goals  of  aerodynamic  design.  As  an  example  we  will  consider  the  high  speed  requirements  of  subsonic  trans- 
port type  aircraft.  In  a crude  sense,  these  requirements  are  summarized  in  figure  3.  Subject  to  a large 
number  of  constructional  and  other  constraints  a (wing)  geometry  is  sought  that  combines  low  drag  proper- 
ties in  a limited  region  of  the  Cl~ MA  plane  with  acceptable  off—  esign  characteristics.  To  a certain 
extent  the  latter  nan  be  formulated  in  terms  of  sufficient  margins  ACl  and  AMA  between  the  cruise  locus 
and  boundaries  for  buffet  onset,  insufficient  stability  and  control  characteristics,  etc. 

Traditionally,  one  can  distinguish  two  phases  in  the  process  that  is  used  in  pursuit  of  these  design 
goals.  The  first  phase  (preliminary  desi^i.  Fig.  4)  consists  of  a parametric  study  in  which  the  major 
design  quantities  such  as  wing  loading  (Cl),  basic  wing  planform  etc.  are  fixed  *3.  During  the  second 
phase  (design  development)  the  geometry  of  the  wing  is  worked  out  in  detail.  Numerical  methods  and  wind 
tunnel  tests  are  utilized  primarily  in  phase  II. 

3.1  The  classical  situation 

Historically,  the  task  of  the  aerodynamic  designer  was  io  select  a number  of  airfoil  shapes  and  span- 
wise  twist  distributions  and  find  out  in  the  wind  tunnel  how  his  geometrical  compositions  behave  aerody- 
namically.  If  the  aerodynamic  characteristics  were  not  satisfactory  he  would,  using  his  experience  and 
physical  intuition,  change  the  geometry,  test  again  etc.  (Fig.  5a). 

A most  frustrating  aspect  of  this  kind  of  process  is  that  the  amount  of  parameters  that,  in  principle, 
can  be  changed  is  overwhelming,  while  only  a very  limited  number  of  possibilities  can  be  investigated. 
Model  manufacturing  time  is  the  factor  that  determines  how  many  "iterations"  can  be  performed  within  a 
given  time  span. 

A characteristic  feature  of  the  process  is  further,  that  the  designer  is  inclined  to  attempt  direct 
correlation  between  aerodynamic  characteristics  like  Cl, Cj),Cjj  -behaviour,  stall  etc.  and  geometrical  pro- 
perties as  camber,  thickness,  twist,  leading-edge  radius,  trailing-edge  angle  etc..  Within  such  an 
approach  it  is  consistent  that  the  majority  of  wind  tunnel  tests  consists  of  force  measurements  only.  The 
latter  is  also  highly  attractive  from  a model  manufacturing  point  of  view,  because  models  intended  for 
overall  force  measurements  only  are  significantly  easier  to  manufacture  than  pressure— plotting  models. 

Next,  let  us  consider  the  situation  that  numerical  methods  are  available  for  solving  the  direct 
problem. 

3.2  With  "direct”  numerical  methods  available 

At  first  sight  it  seems,  that  the  possibility  to  calculate,  in  an  approximate  sense,  the  flow  about  a 
given  complex  configuration  (Refs.  6-9)  means  an  immense  step  ahead,  and  qo  a certain  extent  it  is.  As 
noticed  in  the  preceding  section  numerical  methods  offer  the  possibility  to  ’’test"  perhaps  a dozen  wings 
in  the  time  span  that  is  required  for  manufacturing  and  testing  one  wing  in  the  wind  tunnel.  However,  as 
illustrated  by  the  upper  part  of  figure  5b  this  does  not  solve  the  designer's  key  problem  of  selecting 
the  shape-to-be-tested.  It  merely  changes  the  question  of  "what  shall  I test  in  the  wind  tunnel?"  into 
"what  shall  I compute?"  This  is  irrespective  of  the  degree  of  sophistication  of  the  numerical  method.  It 
would  be  true  even  in  the  case  that  we  could  solve  the  full  t ime— dependent  Navi ei— Stokes  equations! 

One  other  aspect  of  the  introduction  of  numerical  methods  into  the  aerodynamic  design  process  is  that 
they  provide  easy  means  of  obtaining  (potential  flow)  pressure  distributions.  The  attractiveness  of  this 
aspect  is  in  the  fact  that  the  pressure  distribution,  in  a more  direct  sense  than  the  geometry,  determines 
the  aerodynamic  characteristics  of  a wing.  This  is  of  particular  importance  in  the  subtle  shaping  for 
transonic  flow  with  low  wave  drag. 

Optimal  use  of  the  pressure  plotting  facility  of  (direct)  numerical  methods  requires,  in  a sense,  a 
change  of  attitude  of  the  aerodynamic  designerj  he  will  have  to  abandon  the  one-step  (geometry-*- aerody- 
namics) correlation  approach  in  favor  of  a more  sophisticated  two-step  one  (geometry -^pressure  distribu- 
tion-*-aerodynamics) . An  implication  of  the  latter  for  his  wind  tunnel  testing  is  that  there  is  a stronger 
need  for  combined  force/pressure  measurements.  This,  of  course,  is  more  time  consuming  and  expensive. 
However,  just  because  of  the  use  of  numerical  methods,  the  total  number  of  teste  is  reduced.  In  general 
terms  the  situation  might  be  described  as  one  in  which  the  role  of  the  wind  tunnel  as  an  analogue  computer 
is  taken  over  by  numerical  methods  but  the  role  as  a tool  for  verification  is  emphasized. 


3.3  "Inverse"  methods  available 

Let  us  now  consider  the  case  that  methods  are  available  for  solving  the  inverse  problem  of  aerodyna- 
mics, i.e.  that  of  determining  the  geometry  of  a wing  with  given  pressure  distribution  (Refs.  2,3,6,22). 
As  illustrated  by  figure  5c  the  key  problem  of  the  aerodynamic  designer  now  has  become  a different  one. 
The  question  of  selection  of  geometry  has  been  replaced  by  the  question  of  the  choice  of  a suitable  "tar- 
get" pressure  distribution  for  a property  selected  combination  of  lift  coefficient  and  Mach  number 
(design  condition).  The  target  pressure  distribution  must  be  chosen  such  that  the  aerodynamic  character- 
istics in  both  design  and  off-design  conditions  are  acceptable.  This  requires  establishing  of  a pressure 
distribution -*- aerodynamic  characteristics  correlation.  The  physics  of  (viscous)  flows  suggest  that  this 
should  be  more  straight-forward  than  the  classical  geometry-*- aerodynamics  correlation. 

Although  inverse  numerical  methods  are  of  considerable  ir terest  to  the  aerodynamic  designer,  they 
also  have  their  pitfalls.  One  well-known  reason  is,  that  an  arbitrary  selected  pressure  distribution  may 
give  rise  to  physically  unrealistic  shapes  such  as  locally  negative  thickness  (even  if  proper  trailing 

*)  Expressing  the  aerodynamic  design  requirements  in  tenns  of  figure  3 does,  in  fact,  take  place  during 
this  phase. 
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edge  closure  is  enforced).  More  in  general  it  may  lead  to  shapes  that  sire  not  acceptable  from  the  point  of 
view  of  full-scale  wing  construction  and  manufacturing.  In  other  words,  the  designer  has  traded  the  direct 
control  over  the  geometry  that  is  typical  of  the  processes  represented  by  figures  5a,  5b  for  better  control 
over  the  aerodynamics.  A consequence  of  this  is  that  he  will  also  have  to  establish  a pressure  distribu- 
tion—► geometry  correlation. 

A second  problem  that  appears  to  be  associated  with  non-linear  inverse  methods  is  lack  of  convergence 
near  the  root  of  wings  and  of  swept  wings  in  particular,  'iecent  experience  obtained  at  NLR  during  the 
development  sued  application  of  iterative  methods  for  the  design  of  wings  with  given  pressure  distribution 
has  indicated  that  the  inverse  problem  exhibits  a certai  i "lack  of  uniqueness".  It  has  been  found,  that 
near  the  root  ol  a wing,  several  different,  but  carefully  balanced  three-dimensional  shapes  may  generate 
approximately  the  same  pressure  distribution.  Figure  6 presents  an  example  of  this  phenomenon  for  a simple 
non-lifting  wing  (thickness  problem  only) . Both  results  were  obtained  ihroufdi  the  same  iterative  process 
(Fig.  7)  involving  a linear  inverse  (Ref.  23)  and  a non-planar,  direct,  "panel"  type  method  (Ref.  7).  The 
starting  geometries  for  the  two  cases  were  different.  Results  like  the  one  just  shown  suggest  that  the 
main  reason  for  the  lack  of  convergence  near  the  root  of  wings  is,  that  the  inverse  process  cannot  decide 
which  of  the  related  geometries  it  will  select. 

3.4  "Optimizing  design  methods" 

The  thought  that  several  wing  shapes  may  produce  almost  the  same  pressure  distribution  is  a very 
exciting  one  for  the  aerodynamic  designer  because  it  offers  an  additional  degree  of  freedom.  The  problem 
with  direct  as  well  as  inverse  numerical  methods  is  how  to  utilize  this  freedom. 

It  would  seem  at  present,  that  there  are  two  ways  out  of  this  dilemma.  One  approach  ("direct  optimi- 
zation", Fig.  8)  has,  for  2-d  flow, been  investigated  by  Van  der  Plaats,  Hicks  and  Murman  (Ref.  24).  These 
authors  have  developed  a numerical  optimisation  design  code  by  linking  an  optimization  program  based  on 
the  method  of  feasible  directions  with  the  analysis  program  of  Garabedian  et  al  (Ref.  12)  for  the  com- 
pressible potential  flow  about  given  2-d  airfoils  (direct  method).  The  numerical  optimization  minimizes 
some  specified  parameter  (e.g.,  the  drag),  for  a set  of  design  variables  (polynomial  coefficients)  des- 
cribing the  airfoil  geometry,  while  satisfying  a number  of  specified  constraints.  These  constraints  may  be 
aerodynamic  (e.g.  cn  lift  and  moment),  geometric  (e.g.  airfoil  thickness  or  volume)  or  related  to  the  pressure 
distribution  (Cpmjn,  max.  pressure  gradient).  Figure  9 shows  an  example  of  application  of  this  approach. 

A weak  point  of  the  method  in  it’s  present  fora  is  probably  the  polynomial  contour  representation.  There 
is  reason  to  believe  that  this  severely  limits  the  class  of  obtainable  solutions. 


A second  aporoach  (Constrained  inverse  method",  Fig.  10)  is  to  feed  both  a target  pressure  distribu- 
tion and  the  geometrical  constraints  (or  a target  geometry)  into  the  computer  and  solve  the  problem  in  a 
weighted  least  squares’  sense.  Figure  11  presents  a first  result  of  recently  started  NLR  explorations 
along  this  line  for  the  case  of  two-dimensional  incompressible  flow  (Ref.  25).  Starting  lrom  a given  shape 
a functional  of  the  type 


f w .(V  -Vj2+w  V2+w  (Z  -Z)‘ 
] o v n n g o 


dx 


(i) 


is  minimized  by  means  of  variation  of  thi  strenght  y of  distributed  surface  vorticity  and  the  airfoil 
ordinates  Z.  In  (l)  V0  represents  the  target  velocity  distribution  and  ZQ  a "target  geometry".  and  Vn 
are  the  actual  tangential  and  normal  velocity  components.  w-t,wn  and  Wg  are  suitably  chosen  weight  functions. 
Note  that  for  w^.=  o a Neumann-like  (direct)  problem  is  obtained  and  a Dirichlet-like  problem  for  wn=  o. 

Wg=  o represents  the  "classical"  (non-linear)  inverse  problem.  In  the  simple  example  of  figure  11  wt ,wn 
and  wg  were  all  set  equal  to  1.  Convergence  for  this  type  of  method  is  generally  obtained  within  2 to  4 
iterations. 

It  is  the  author's  opinion  that  the  (potential)  benefits  of  numerical  methods  are  best  exploited  in 
optimization  type  methods  like  those  outlined  in  the  preceding  paragraphs.  Obviously  such  methods  are 
still  in  it's  infancy  at  present.  However,  from  the  point  of  view  of  the  aerodynamic  designer  they  deserve 
much  attention.  The  need  for  extension  to  three  dimensions  in  particular  seems  large. 


4.  CONCLUDING  REMARKS 

Having  discussed  the  role  of  the  wind  tunnel  and  that  of  different  types  of  numerical  methods  in  the 
aerodynamic  design  process  the  conclusion  proposes  itself  that  we  do  not  solve  the  key  problems  of  aero- 
dynamic design  by  substituting  numerical  methods  for  the  wind  tunnel.  Rather  than  persuing  full  Naviej— 
Stokes  solutions  for  given  geometries  we  should  perhaps  look  for  methods  that  produce  optimized  shapes 
even  if  such  methods  must,  necessarily,  be  based  on  a simplified  representation  of  the  physics.  We  still 
have  the  wind  tunnel  for  solving  the  full,  unsteady  Navier-Stokes  equations! 
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D.J.  Jones, 

National  Aeronautical  Establishment,  Montreal  Road, 
Ottawa,  Canada. 


SUMMARY 


Calibration  of  the  National  Aeronautical  Establishment  (NAE)  wind  tunnel  in  the  Mach 
number  range  1<M<1.1  has  been  carried  out  by  talcing  Schlieren  photos  of  the  bow  shock 
in  front  of  a sphere.  A theory  has  been  developed  to  calculate  this  bow  shock  for  flows 
about  axisymmetric  bodies.  Thus,  correlating  the  experimental  and  theoretical  shock  waves, 
a calibration  of  the  wind  tunnel  was  made. 

INTRODUCTION 


First,  the  NAE  wind  tunnel  which  required  calibration  in  the  transonic-supersonic 
range  will  be  described  (see  ref.  1 for  more  details).  It  is  a 5 ft  * 5 ft  blowdown  wind 
tunnel  and  can  achieve  Reynolds  numbers  up  to  about  20  million/ft  (70  million/metre). 

It  can  operate  at  subsonic  speeds  of  around  M=  0.25  up  to  Mach  numbers  of  4.5.  A working 
section  with  porous  walls  is  inserted  for  use  in  the  transonic  range.  Surrounding  the 
porous  walls  is  the  plenum  chamber.  The  pressure  is  measured  in  this  chamber  and  from 
this  pressure  and  the  stagnation  pressure  we  determine  a Mach  number  called  Mp.  For  cali- 
bration purposes  we  have  to  correlate  Mp  to  the  free  stream  Mach  number  and  hence  find  a 
ctrrection,  AM,  to  Mp.  This  is  usually  done  by  pressure  probes  but  it  was  felt  that  the 
probe  method  may  disturb  the  flow  too  much  and  so  give  inaccurate  measurements. 

The  main  purpose  of  our  work  on  shock  standoff  location  for  flow  about  axisymmetric 
bodies  was  to  provide  an  alternative  method  of  calibrating  the  wind  tunnel  in  the  transonic 
range  1<M<  1.1.  Our  aim  was  to  provide  a Mach  number  calibration  accurate  to  AM < 0.002. 

Previous  calibration  had  been  made  at  Mach  numbers  greater  than  1.1  and  less  than  1.3 
by  inserting  a cone  at  zero  incidence  in  the  wind  tunnel  and  measuring  the  shock  angle  on 
the  Schlieren  photo.  By  correlating  this  data  with  the  theoretical  prediction  of  the  shock 
angle  it  was  possible  to  correct  the  Mach  number  Mp . For  supersonic  Mach  numbers  less  than 
1.1  we  previously  used  a semi-empirical  approach  which  involved  the  use  of  a modification 
to  Serbin's  formula  for  shock  standoff  from  a flat  ended  cylinder  (ref.  2).  However  it  was 
felt  that  a more  accurate  method  was  needed.  A suitable  method  seemed  to  be  that  of  mea- 
suring from  Schlieren  photos  the  shock  standoff  distance  from  a sphere.  In  our  experiments 
we  covered  a range  of  Mach  numbers  from  1 to  1.3  and  it  is  felt  that  the  present  method 
would  be  suitable  for  wind  tunnel  calibration  from  1 to  about  1.2  because,  in  this  range, 
the  variation  of  shock  3tandoff  is  quite  sensitive  to  changes  in  Mach  number. 

To  do  the  above  calibration  we  needed  a suitable  theory  for  calculating  the  bow  shock 
in  front  of  a sphere  and  this  is  where  the  main  difficulty  lay  as  previous  theoretical 
methods  were  not  accurate.  The  method  finally  derived  was  also  suitable  for  other  blunt 
axisymmetric  bodies  besides  spheres  and  it  could  also  be  used  for  two  dimensional  bodies. 

THEORETICAL  DIFFICULTIES 

Figure  1 shows  a plot  of  standoff  distance  versus  Mach  number  for  flow  about  a sphere. 
This  figure  is  taken  from  an  AEDC  report  of  1969  (ref  3)  except  that  also  added  are  the 
theory  of  Belotserkovskly  (ref  4)  and  the  experiments  of  Stilp  (ref  5).  It  can  be  seen 
that  there  is  a huge  scatter  in  theoretical  and  experimental  data.  Also  shown  on  this 
figure  with  the  symbol  I is  the  accuracy  to  which  we  require  our  standoff  distance  so 
that  we  achieve  AM < 0.002.  It  seems  clear  that  the  theories  quoted  in  the  figure  are  not 
sufficiently  accurate  and  so  our  objective  here  is  to  develop  an  accurate,  efficient 
scheme . 

Several  methods  were  attempted  before  finally  selecting  the  relaxation  method  mentioned 
later.  Firstly  Belotserkovskly ' s Schemes  I and  II  we  unsuitable  at  low  supersonic  Mach 
numbers  and  Scheme  III  had  to  be  used;  however  it  can  be  seen  from  fig  1 that  these  results 
(taken  from  ref  4)  differ  considerably  from  other  results  especially  in  our  Mach 
number  range  of  interest  (M<  1.2).  A method  of  lines  solution  was  attempted  but  this  gave 
convergence  difficulties  for  Mach  numbers  less  than  1.3.  Next  a collocation  method  was 
used  and  this  gave  reasonable  results  down  to  M=  1.15  but  below  this  convergence  was 
difficult.  Then  a time  dependent  method  (ref  6)  was  used  but  produced  'kinky'  shocks  at 
M=  1.2  and  also  the  convergence  was  very  slow.  A second  time  dependent  method,  due  to 
Aungier,  and  run  by  Hsieh  at  AEDC  (ref  7)  required  22  hours  computer  time  on  an  IBM  370/155 
at  M=1.05.  Thus  a new  approach  was  attempted. 

PRESENT  THEORY 

The  present  theory,  which  uses  a finite  difference  approach,  is  fully  reported  in 
refs  8 and  9.  Basically  it  consists  of  estimating  the  shock  shape  and  applying  the 
Rankine-Hugoniot  relations  across  it.  From  quantities  at  the  shock  we  can  extrapolate  by 
Taylor  series  the  disturbance  potential  $ (q » q^ + V4> ) to  the  line  of  mesh  points  adjacent 
to  the  shock.  We  then  fix  this  line  of  i's  and  Iterate,  using  Jameson's  rotated  differ- 
ence scheme,  the  rest  of  the  flow  field  between  shock  and  body  until  the  residuals  are 
sufficiently  small.  However  non-zero  residuals  now  remain  at  the  line  of  points  adjacent 
to  the  shock;  these  are  driven  towards  zero  by  a Newton  scheme  which  changes  the  shock 
shape.  The  rest  of  the  flow  field  is  then  re-iterated  and  so  the  process  continues. 
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RESULTS 


The  results  of  our  computation  showing  shock  standoff  versus  Mach  number  for  flow 
about  a sphere  are  given  on  fig  2.  It  can  be  seen  that  Hsleh's  time  dependent  method 
gives  practically  Identical  results  to  ours  (see  M=1.3,  1.17,  1.10  and  1.05).  At  the 
latter  Mach  number  there  Is  a very  slight  difference  but  this  Is  believed  to  be  due  to 
Hsleh's  extrapolation  to  infinite  time  from  the  smaller  time  at  which  the  computation 
was  stopped.  Because  of  this  agreement  between  the  two  completely  different  theories 
it  seems  reasonable  to  suppose  that  the  present  results  are  accurate.  Frank  and  Zlerep 
(ref  10)  results  are  also  included  for  completeness  - It  can  be  seen  that  their 
approximation  is  reasonably  good  even  though  they  use  a semi-empirical  approach  with  a 
modification  of  a formula  derived  for  slender  bodies  of  revolution. 

Also  shown  on  fig  2 are  several  experimental  results.  The  NACA  2000  results  agree 
with  our  theory  (see  M=  1.3  and  1.17)  while  Stilp's  results  are  consistently  low  at  Mach 
numbers  less  than  1.10  (perhaps  due  to  Stilp's  wind  tunnel  calibration).  Our  NAE  data 
are  given  for  three  different  values  of  Reynolds'  number  but  are  plotted  against  Mp  and 
as  such  show  the  correction  AM  that  must  be  applied.  Only  some  of  the  low  Reynolds 
number  NAE  data  has  been  corrected  by  using  the  cone  Schlleren  shock  angle  as  mentioned 
earlier  - these  are  represented  by  the  full  circle  and  it  can  be  seen  that  these  points 
now  straddle  our  theoretical  prediction. 

The  effect  of  Reynolds  number  should  be  mentioned  here.  It  is  estimated  that  the 
displacement  thickness  upstream  of  the  maximum  sphere  diameter  is  negligible  at 
Re  > 6 x i06/ft  - thus  inviscid  flow  can  be  assumed.  Now  to  change  Reynolds  number  in  our 
wind  tunnel  we  change  the  stagnation  pressure  but  to  keep  the  same  Mp  we  alter  slightly 
the  tunnel  configuration  (diffuser  re-entry  flap  setting).  It  is  thought  that  these  two 
changes  then  give  a different  Mach  number  at  the  tunnel  centre  line,  Mc.  Thus  there  is 
a different  relation  between  Mp  and  Mc  (as  indicated  on  fig  2)  depending  on  Re. 

The  remaining  experimental  data  on  fig  2 show  the  ballistic  range  results  obtained 
at  AEDC  by  Stari-  et  al  (ref  11)  and  by  Bailey  and  Hiatt  (ref  12).  It  can  be  seen  that 
very  good  agreement  with  the  present  theory  is  obtained  particularly  when  one  remembers 
that  the  lag  effects  in  a ballistic  range  would  tend  to  increase  their  standoff  prediction. 

Finally  fig  3 shows  our  wind  tunnel  correction,  AM,  to  be  applied  to  Mp. 


CONCLUSIONS 


It  has  been  shown  tnat  wind  tunnel  calibration  can  be  made  in  the  Mach  number  range 

1<M<  1.2  by  measuring  shock  standoff  distances  from  a sphere.  The  NAE  5 ft x 5 ft  blow- 
down wind  tunnel  will  be  calibrated  in  this  manner. 
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THEORETICAL  AND  EXPERIMENTAL  SIMULATION  METHODS 
FOR  EXTERNAL  STORE  SEPARATION  TRAJECTORIES  * 


l . 
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FRIEDRICHSHAFEN,  GERMANY 


SUMMARY 

A review  of  numerical  methods  and  experimental  techniques  for  the  simulation  of  separation  trajectories 
of  external  powered  and  unpowered  stores  at  low  and  high  speed  is  given. 

For  the  theoretical  simulation,  potential  flow  methods  are  used  to  calculate  the  quasi-steady  loadings 
on  the  store  while  the  trajectory  itself  is  determined  by  solving  the  equations  of  the  6-degree-of-freedom 
motion. 

Based  on  the  experience  of  numerous  systematic  experimental  studies  gained  with  the  rigid  loads  and  the 
freedrop  technique  for  unpowered  stores  the  advantages  and  limitations  of  different  windtunnel  techniques 
will  be  demonstrated  including  a critical  discussion  of  scaling  effects. 

The  experimental  and  theoretical  simulation  techniques  have  proven  to  be  a satisfactory  tool  for  the 
investigation  of  the  separation  characteristics  of  unpowered  external  stores.  The  on-line  combination  of 
windtunnel  techniques  and  numerical  methods  including  the  thrust  determination  will  provide  an  efficient 
trajectory  simulation  for  powered  air-launched  missiles.  This  technique  - known  as  captive  trajectory 
technique  - will  be  described. 


RESUME 

Une  revue  est  presentee  pour  des  methodes  numeriques  et  experimentales  de  simulation  des  trajectoires  de 
separation  des  charges  externes  autopropul  sees  ou  non  dans  le  rfegime  des  vitesses  basses  et  elevees. 

Pour  la  simulation  theorique  des  methodes  pour  ecoulement  potentiel  sont  utilisees  pour  calculer  les 
forces  quasi-stationaires  sur  les  charges  tandis  que  la  trajectoire  est  determin&e  en  resolvant  les  §quations 
des  mouvement  a six  degrees  de  liberte. 

En  se  basant  sur  de  nombreuses  fetudes  experimentales  syst&matiques  obtenues  par  des  techniques  "rigid 
load"  et  "freedrop",  les  avantages  et  limitations  des  differentes  techniques  de  soufflerie  seront  d&montrees. 

Les  techniques  de  simulation  theoriques  et  experimentales  ont  montre  d'§tre  un  outil  satisfaisant  pour 
1 ' investigation  des  charact&ristiques  de  separation  des  charges  non-autopropul  sees.  La  combinaison  'on 
line"  des  techniques  de  soufflerie  et  des  methodes  numeriques,  y compris  la  determination  de  la  pouss&e, 
va  donne  une  simulation  efficace  des  trajectoire  des  missiles  lancbs  en  air.  Cette  techniques  - connue 
comme  "captive  trajectory  technique"  - sera  decrite. 


1.  INTRODUCTION 

Due  to  the  high  speed  and  the  complexity  of  modern  military  aircraft  the  problems  of  aircraft/stores- 
compatibility  have  become  of  significant  magnitude.  Therefore,  in  the  last  few  years  new  theoretical  and 
experimental  methods  of  simulating  and  predicting  store  separation  trajectories  have  been  developed  and 
applied  to  present  aircraft. 

Modern  hybrid  fighter-bomber  are  laid  out  to  perform  multiple  missions  carrying  as  many  external  stores 
as  possible  in  single,  double,  triple  or  multiple  stations  and  racks  respectively  at  the  wing  and  at  the 
fuselage.  For  logistic  reasons  the  big  arsenal  of  different  weapons,  fuel  tanks,  dispensers  etc.  (more  than 
100  different  types  within  NATO)  is  required  to  fit  on  all  current  aircraft.  This  will  generate  a possible 
work  load  for  flight  certification  of  a few  billion  cases  for  1 military  aircraft  and  involves  the  expendi- 
ture of  large  sums  of  money. 

We  try  to  give  a review  of  theoretical  and  wind  tunnel  methods  for  the  simulation  of  store  separation 
trajectories  in  a cheap  and  effective  way.  By  help  of  such  simulation  methods  the  immense  effort  of  flight 
testing  and  certification  can  be  reduced  considerably. 


This  work  was  sponsored  by  the  German  Ministry  of  Defense  under  contract  T/RF  41/RF  410/21244  and 
51086. 
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THEORETICAL  SIMULATION  METHODS 
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Fig.  1 Computer  program  flow  chart  for  the 
theoretical  simulation  of  external 
store  separation  trajectories 


Fig.  1 shows  a flow  chart  of  the  theoretical  treat- 
ment of  the  problem  with  the  possibility  to  adjust  and 
improve  the  calculations  by  wind  tunnel  data.  As  input 
the  parent  aircraft  data  (geometry,  flight  conditions, 
maneuver  simulation)  and  the  store  data  (geometry,  mass 
data,  ejection  and  thrust  forces)  are  fed  into  the 
computer  program.  The  momentary  position  of  the  aircraft 
on  its  path  is  calculated  in  a simplified  form  only.  The 
store  derivatives  are  determined  for  the  momentary 
position  of  the  store  on  its  trajectory  by  superimposing 
the  far-field  solution  for  the  store  in  undisturbed  flow 
(LARV-calculation)  and  a near-field  additional  due  to 
store/aircraft  interference  effects  calculated  after  a 
modified  FERNANDES  method.  With  these  dimensionless 
aerodynamic  coefficients  the  quasi-steady  loadings 
acting  on  the  store  are  determined  which  are  input  to 
the  6-degree-of-freedom  equations  of  motion.  Integration 
leads  to  translational  and  rotational  increments  of  the 
store  motion  and  thus  to  the  new  coordinates  of  the 
store  trajectory  for  the  time  instant  under  considera- 
tion. The  next  time  step  starts  again  with  the  aircraft 
trajectory.  If  there  is  a bad  correlation  between  com- 
puted and  wind  tunnel  data  it  is  possible  to  adjust  the 
theoretical  suppositions  in  the  determination  of  the 
near-field  additional  derivatives. 

The  LARV-program  (Low  Aspect  Ratio  Vehicle)  pro- 
vides the  store's  aerodynamic  derivatives  in  uniform 
potential  flow  for 

- arbitrary  store  configurations  with/without  jet 

- subsonic/transonic/supersonic  flow 

- angles  of  attack  -90°  < a < 90° 

- angles  of  roll  -90°  < a < 90°. 


The  elements  of  LARV  [1]  are  based  on  slender  body  theory  with  empirical  correlations,  base  drag 
correlations  and  DATCOM  analyses  for  wings.  All  relations  are  given  in  functional  form  to  provide  fast 
computation.  The  LARV-method  has  been  proved  by  numerous  comparisons  with  experimental  data. 

Fig.  2 and  fig.  3 show  examples  of  LARV-calculations  in  subsoric  and  supersonic  flow.  The  agreement 
between  theory  and  experiment  is  good  including  non-linear  effects  of  lift,  drag  and  pitch  moment  versus 
angle  of  attack. 
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Fig.  2 Comparison  LARV-theory/experiment  for 
a missile.  Lift,  drag  and  pitch  moment 
versus  angle  of  at  M * 0.6 


Fig.  3 Comparison  LARV-theory/experiment  for 
a tail/body  combination  at  M = 1.5 
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The  interference  flow  field  and  the  interference  loading  coefficients  acting  on  the  store  are  calcula- 
ted by  the  FERNANDES  method  [21,  which  has  been  modified  in  some  aspects. 

The  disturbance  flow  field  produced  by  the  aircraft  is  predicted  using  the  linear  potential  flow  theory 
with  source  and  vortex  distributions.  For  a number  of  different  positions  on  the  store  trajectory  the  distur- 
bance velocities  are  calculated  along  the  store  axis.  The  force  and  moment  coefficients  of  the  store  due 
to  this  variable  flow  field  are  determined  giving  the  interference  coefficients.  To  get  the  total  store 
coefficients  the  free-air  coefficients  due  to  the  store's  angle  of  incidence  and  of  yaw  in  undisturbed 
flow  (result  of  LARV-method  or  experimental  data)  have  to  be  added. 

The  geometric  features  producing  the  interference  flow  field  about  an  aircraft  are  wing,  body,  engine 
inlet,  pylons  and  further  stores  in  the  neighbourhood  which  will  not  be  released.  The  prediction  method 
[2]  represents  all  these  features  for  an  aircraft  of  general  geometric  description,  with  no  slender  body 
assumptions  and  no  two-dimensional  approximations. 

To  obtain  the  disturbance  flow  field  around  the  aircraft,  the  complete  flow  field  is  split  into  parts 
due  to  the  different  aircraft  components.  Each  component  is  treated  seperately  and  all  effects  are  super- 
imposed linearly.  Compressibility  effects  are  corrected  for  by  the  Prandtl-Glauert  rule.  The  different  air- 
craft components  are  represented  by  singularities  in  the  following  way: 


The  interference  flow  field  due  to  the  wing  is  split  into  one  part  due  to  wing  lift  and  one  due  to 
wing  thickness.  Wing  lift  is  represented  by  a spanwise  and  chordwise  vortex  lattice.  The  vortex  strengths 
are  found  by  solving  the  linear  system  of  equations  given  by  the  influence  coefficients  matrix  and  the 
wing  boundary  conditions  as  right  hand  side.  The  wing  thickness  is  represented  by  a spanwise  and  chordwise 
distribution  of  elementary  source  strips. 

Pylon 

The  flow  field  produced  by  the  plyon's  thickness  is  described  by  use  of  source  strips  in  the  same  man- 
ner as  for  the  wing  thickness.  The  pylon  interference  with  the  wing  is  simulated  by  representing  the  pylon 
with  horseshoe  vortices  to  match  the  boundary  conditions  of  flow  tangency  at  the  pylon.  Wing-pylon  inter- 
ference effects  are  accounted  for  by  mirroring  the  pylon  vortices  above  the  wing  plane.  Alternatively  the 
wing-pylon  combination  can  be  represented  by  one  joined  set  of  vortex-lattices. 


The  aircraft  fuselage  (resp.  further  stores)  is  represented  by  a line  source  distribution  for  the 
axial  flow  and  by  a line  doublet  distribution  for  the  crossflow.  Engine  inlets  are  either  included  in  the 
body  cross-sections  or  represented  by  additional  line  singularities.  Further  stores  are  represented  in  the 
same  manner  as  the  fuselage. 

Wing-Body  Interfi  pence 

The  components  of  mutual  interference  between  wing  and  body  are  accounted  for  by  mirroring  the  wing 
vortices  at  the  body  while  the  bodies  are  assumed  to  be  circular  cylinders. 

To  calculate  the  interference  loading,  the  store  is  segmented  axially  into  a number  of  small  sec- 
tions. The  load  on  each  section  is  computed  from  the  local  crossflow  by  use  of  a set  of  loading  coefficients 
which  describe  the  section  aerodynamic  properties.  These  loading  coefficients  may  be  obtained  from  test 
data  in  uniform  flow  or  from  theory.  The  interference  coefficients  are  then  calculated  by  integrating 
along  these  store  sections.  The  total  store  loading  is  obtained  by  adding  the  free-air  coefficients  (cal- 
culated with  LARV  or  known  from  experiments)  linearly  to  the  interference  coefficients. 


*-/<  ' 


Fig.  4 Interference  velocity  distributions 
(sidewash  v,  upwash  w)  along  store 
axis  for  a wing/body  combination  with 
external  store.  Comparison  theory/ex- 
periment at  Mm  = 0.4  and  a = 6° 
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Fig.  5 Comparison  theory/experiment  for  normal  force 
Cn,  side  force  Cy,  pitch  moment  Cm  and  yaw 
moment  Cn  versus  angle  of  attack  at  M®  = 0.4 
for  the  same  conf iguration  as  in  fig.  4 
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Fig.  4 shows  the  upwash  and  sidewash  distribution  due  to  the  interference  flow  field  along  the  store 
axis  for  a simple  wing-body  combination  with  an  external  store.  X is  the  distance  from  the  store  nose.  The 
results  of  the  original  FERNANDES  12],  of  the  DILLENIUS  [ 3 ] and  of  the  present  method  are  compared  with 
experimental  data. 

Fig.  5 shows  the  total  normal  force,  side  force,  pitch  moment  and  yaw  moment  acting  on  the  store 
mounted  in  the  same  configuration  as  shown  in  fig.  4.  For  the  original  FERNANDES  method  12]  and  the  present 
method  the  interference  coefficients  are  compared,  too. 

Examples  of  complete  separation  trajectories  calculated  by  the  present  simulat'on  program  after  fig.  1 
are  not  yet  available.  We  look  forward  to  presenting  a comparison  of  theoretical  results  with  wind  tunnel 
test  data  obtained  by  the  freedrop  technique  later  this  year. 


3.  EXPERIMENTAL  SIMULATION  TECHNIQUES 

In  addition  to  theoretical  simulation  methods  for  external  store  separation  trajectories  wind  tunnel 
experiments  are  necessary  because  of  the  complexity  of  the  aerodynamic  flow  fields  generated  by  today's 
fighter-bomber  aircraft  carrying  stores  externally  in  multiple  configurations,  i.e. 

- interacting  pressure  distributions 

- interacting  shock  waves 

- compressibility  effects  such  as  local  supercritical  zones 

- self  generated  perturbations  of  the  separating  store 

are  virtually  impossible  to  predict  analytically  without  massive  simplifications.  Therefore,  a basic  sup- 
position for  wind  tunnel  tests  is  that  the  model  should  be  as  realistic  as  possible  especially  concerning 
the  store  loading  configuration,  i.e.  all  external  stores  should  be  correctly  mounted  at  the  different 
wing  pylons  or  at  the  fuselage  via 

- single  ejector  rack  (SER)  or 

- double  ejector  rack  (DER)  or 

- triple  ejector  rack  (TER)  or 

- multiple  ejector  rack  (MER) 

while  the  store  attachment  provisions  are  accurately  simulated,  i.e.  crutch  arms,  adjustment  screws  etc.  In 
addition  the  ejection  characteristics  are  to  be  correctly  simulated  corresponding  to  the  full  scale  jettison 
behaviour  of  the  store  measured  in  ground  tests  at  the  original  ejector  rack.  Of  course  the  common  similari- 
ty rules  (Reynolds,  Mach)  should  be  met,  too,  as  close  as  possible.  The  following  wind  tunnel  techniques 
will  be  discussed  shortly: 

3.1  Rigid  Loads  Technique  (RLT) 

3.2  Free  Drop  Technique  (FDT) 

3.3  Grid  Testing  Technique  (GTT) 

3.4  Captive  Trajectory  Technique  (CTT) 

3.5  Flow  Field  Angularity  Technique  (FAT). 


3.1  Rigid  Loads  Technique 

The  aircraft  is  conventionally  mounted  in  the  wind  tunnel  via  a internal  balance  on  an  operational 
rear  sting.  Integrated  in  the  store  of  interest  there  is  a 6-component  strain  gage  balance  rigidly  mounted 
to  the  aircraft  model  and  capable  to  measure  forces  and  moments  acting  on  the  store  alone  or  on  the  store 
plus  adapter  and  pylon. 

The  result  of  the  RLT  is  the  aerodynamic  6-DOF-derivatives  of  the  store  in  captive  carriage  position 
only.  However,  these  derivatives  are  the  predominant  factor  affecting  the  whole  separation  trajectory  of 
the  store  as  it  includes  already  the  maximum  of  interference  effects  and  of  the  release  disturbance.  There- 
fore, the  very  simple  RLT  is  generally  adapted  to  contribute  an  essential  part  to  the  theoretical  simula- 
tion of  separation  trajectories  and  serves  as  a check  for  the  FERNANDES  method.  In  addition  the  performance 
penalties  of  the  aircraft  due  to  the  different  external  stores  can  be  more  accurately  predicted  by  the  re- 
sults of  the  RLT. 


r 
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3.2  Free  Drop  Technique 


Fig.  6 Arrangement  for  freedrop  technique  in  the 
DFVLR-wind  tunnel  in  Cologne.  Alpha  Jet 
1:5  with  external  stores 


The  FDT  involves  actually  releasing  store 
models  in  the  wind  tunnel  from  the  aircraft 
model  and  requires  already  a rather  big  effort 
of  unconventional  experimental  equipment  for 
the  model  itself  and  also  in  the  wind  tunnel. 
First,  the  aircraft  model  should  be  mounted  in 
the  test  section  as  rigidly  as  possible  to 
avoid  stochastic  accelerations  of  the  model 
which  could  produce  an  error  in  the  required 
release  acceleration  of  the  store. 

Fig.  6 shows  a typical  FDT-arrangement  in 
a low  speed  (80  m/s)  wind  tunnel  with  open  test 
section  (3,2  m x 2,3  m).  A fishing  net  for 
catching  the  dropped  stores  is  to  be  seen  be- 
neath the  1:5  Alpha  Jet  aircraft  model. 

Second,  a model  release  unit  with  two 
ejector  pistons  is  needed  for  each  store,  i.e. 
in  case  of  a DER  or  TER  there  are  2 or  3 re- 
lease units  necessary  which  provide  the  possi- 
bility to  simulate  pair,  multiple  or  ripple 
releases. 


Fig.  7 shows  a release  unit  for  external  stores,  scale  1:5  to  the  original  ML  AVIATION  device.  The  two 
ejection  pistons  and  a third  piston  working  on  a knife  (a  sort  of  guilot'ine)  which  cuts  the  suspension  wire 
off  are  pneumatically  driven. 


Fig.  7 Release  unit  for  external  Fig.  8 Release  unit  for  external  stores  scale  1:20 

stores  scale  1:5 


Fig.  8 shows  a scale  1:20  release  unit  and  illustrates  that  it  is  not  possible  to  reduce  the  scale  of 
the  device  to  be  able  to  integrate  it  into  the  wing  pylon  and  resulting  in  a very  large  part  of  the  re- 
lease unit  located  above  the  wing  generating  an  uncorrect  flow  disturbance.  The  ejector  impulse  is  depen- 
dent on  the  driving  pressure  and  must  be  carefully  calibrated  for  each  piston  in  advance  of  the  tests  to 
allow  an  adjustment  of  the  correct  acceleration  during  the  store  release  in  the  wind  tunnel. 

Third,  for  jettison  tests  the  store  models  have  to  be  dynamically  similar  with  respect  to  the  full- 
scale  store  and  must  be  extremely  accurately  scaled  concerning  the 

- geometric  properties 

- dynamic  mass  properties  (mass,  center  of  gravity,  moments  of  inertia). 

The  following  similarity  rules  have  to  be  fulfilled: 


Flan  Similarity 

Derived  out  of  the  NAVIER-STOKES  equations 


Re  = 

00 

v2» 

Reynolds 

Fr  = 

FT 

v»‘t 

Froude 

Str 

* "T" 

Voo 

Strouhal 

M 

= v” 

Mach 

one  obtains  the  wellknown  similarity  parameters 

= velocity  of  onset  flow 
= kinematic  viscosity 
* velocity  of  sound 
= gravitational  acceleration 
= characteristic  length  of  store 
= time  in  seconds 
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Similarity  of  Forces 

The  aerodynamic  forces  and  the  mass  forces  due  to  acceleration  and  gravity  equilibrate  each  other  as 
well  in  the  full  scale  as  in  the  model  case  which  leads  to  the  condition 


p «v2  p -v2 

'p^-1 *a'm  * ' p^-1 *a'f 


m = mode 1 
f - full  scale 
Pp  = body  density 
a = body  acceleration 


This  condition  may  be  fulfilled  by  different  methods. 


Froude-Method  (FM) 

The  Mach-condition  is  neglected.  Therefore,  the  Froude-Method  is  limited  to  lou  speed  tests,  where 
compressibility  effects  are  unimportant.  The  following  conditions  are  valid: 


T'm  = '-’nf 


(a)ra  = (a)f  ; (g)ra 


m 


(g)f 


The  body  velocity  as  well  as  the  onset  flow  velocity  are  both  dependent  to  the  square  root  of  the 
scale  factor.  This  means  that  the  angle  of  attack  for  the  model  is  identical  with  that  one  of  the  full 
scale  store  over  the  whole  separation  trajectory. 

For  jettison  tests  in  the  high  speed  range  one  of  the  two  following  methods  are  adapted. 


Light-Model  Method  (LM) 


(M)m  = (M)f 


(a-l)m  = (a-1)f 


As  the  acceleration  of  the  store  due  to  ejection  and  aerodynamic  forces  are  joinded  with  the  scale 
factor  but  the  acceleration  due  to  gravity  obviously  is  not,  leads  the  LM  to  different  motion  properties  in 
axial  (x)  and  normal  (z)  direction. 


However,  by  a modification  of  the  LM  it  is  possible  to  adjust  the  ejection  velocity  in  such  a manner 
that  for  a choosen  single  point  of  the  separation  trajectory  the  relation  of  z/x  is  identical  for  model  and 
fun  scale.  That  means  for  a complete  trajectory  several  steps  are  required.  But  the  so  obtained  trajectory 
is  not  correct,  because 

- the  store  travels  through  a different  flow  field  in  the  wind  tunnel  and  in  the  full  scale  flight  test 

- the  normal  velocities  in  model  and  full  scale  do  not  correspond  which  leads  to  different  angles  of 
attack,  and  different  trajectories  in  the  wind  tunnel  and  flight  test. 

The  error  of  the  LM  is  the  smaller  the  larger  the  ejection  acceleration  is. 

Heavy-Model  Method  (HM) 

(M)m  = (M)f 


'm  ” 'p^-l  'f 

<a)m  * <a>f  ; <9>m  “ <9>f 

Though  in  the  HM  the  velocities  in  the  wind  tunnel  and  in  the  flight  test  are  equal  (Voo)*  = (v,»)f  the 
relation  of  the  normal  velocities  is  joined  with  the  square  root  of  the  scale  (vz2/l)m  = (vz  /l)f,  that 
means  the  angles  of  attack  are  not  the  same  in  the  model  test  and  the  full  scale  test;  but  the  trajectory 
of  the  center  of  gravity  (c.g.)  will  be  essentially  correct. 

It  should  be  pointed  out  especially  that  constructing  the  store  models  after  HM  is  very  difficult  be- 
cause the  relation  of  the  body  density  is  a function  of  the  scale  (Pb*l)m  * (Pb’l)f-  It  is  not  possible  to 
fulfil  this  relationship  for  small-scale  models  of  high  density  stores  even  when  exotic  metals  such  as 
tungsten,  gold  or  platinum  are  used. 


13-7 


Finally,  a precise  kinematographic  registration  of  the  separation  trajectory  from  3 orthogonal  direc- 
tions (side,  bottom,  rear)  is  required  for  to  provide  a good  qualitative  illustration  of  the  trajectory  and 
an  accurate  quantitative  analysis.  This  is  done  on  the  one  hand  by  3 remotely  controlled  cameras  taking 
stroboscope  pictures  of  the  separation  trajectory  by  means  of  stroboscope- flash  illumination.  Fig.  9 shows 
ar.  example  of  such  stroboscope  pictures  which  are  not  quantitatively  analysed. 


Fig.  9 Example  of  stroboscope  photo  pictures  showing 
the  separation  trajectory  of  a full  fuel  tank 
releasing  from  1:5  Alpha  Jet  model  in  the 
DFVLR  wind  tunnel,  Cologne  (photos  by  DFVLR) 


Fig.  10  Rocket  launcher  released  from  1:5  Alpha 
Jet  at  simulated  350  KTS.  Different  store 
positions  are  copied  from  the  high  speed 
motion  pictures  film  obtained  by  lateral 
camera.  The  time  after  release  is  given 
for  full  scale. 


However,  the  main  information  is  received  from  high  speed  motion  picture  films,  taken  by  3 remotely 
controlled  16  mm-cameras  (1000  to  10000  frames  per  second)  during  a permanent  powerful  illumination  (typi- 
cal installation  30  to  100  KW).  On  one  edge  of  each  film  there  is  written  a precise  time  annotation  (every 
0.001  sec)  generated  by  a single  master  clock  and  on  the  other  edge  the  instant  is  marked  when  the  store 
has  moved  the  first  little  distance  (0.05  mm).  Later  on  the  films  are  analysed  frame  by  frame  on  a special 
projector  and  the  operator  measures  the  c.g. -positions  and  angles  of  the  store  in  constant  time-steps. 

Fig.  10  illustrates  different  store  positions  which  are  copied  from  the  high  speed  motion  film  seen  by 
the  lateral  camera.  The  influence  of  the  aircraft  anqles  of  attack  on  the  motion  characteristics  of  a rocket 
launcher  is  to  be  seen:  nose  down  tendency  for  a = 0°,  but  nose  up  tendency  for  a = 5°. 


Fig.  11  Analysis  of  high  speed  motion  films  for  the 
example  of  a full  fuel  tank  released  from 
1:5  Alpha  Jet  at  the  same  configuration  as 
in  fig.  9. 


Fig.  11  shows  the  complete  analysis  of  a 
set  of  3 high  speed  motion  films  giving  the  se- 
paration trajectory  of  a full  fuel  tank  in 
terms  of  the  axial  (x)  and  normal  (z)  ex- 
position and  the  pitch  angle  versus  the  time 
for  3 angles  of  attack.  The  yaw  and  roll  angle 
is  not  plotted  in  this  figure.  In  addition  a 
z-diagram  versus  O illustrates  the  distance  to 
the  collision  boundary. 

Another  more  special  kind  for  the  FDT  is 
the  wind  tunnel  test  of  tow  targets  concerning 
the  release,  reeling  out  and  reeling  in  beha- 
viour. In  fig.  12  and  fig.  13  two  examples  of 
targets  which  recently  have  been  tested  in  the 
D0RNIER  wind  tunnel  are  given.  In  this  case, 
besides  the  dynamic  similarity  of  vhe  target  mo- 
del and  also  the  cable  mechanism  and  the  reeling 
speed  must  be  simulated  properly  In  the  case  of 
the  SK  5 towed  by  a FIAT  G 91  aircraft  (fig.  12) 
a flight  velocity  of  300  KTS  at  3000  ft  was  si- 
mulated and  in  the  case  of  the  SK  10  towed  by  a 
MC  DONNELL  DOUGLAS  F-4  aircraft  (fig.  13)  the 
simulated  flight  condition  was  220  KTS  at 
10000  ft.  In  the  photo  picture  of  fig.  13  the 
cable  connection  between  the  target  and  the 
launcher  system  mounted  on  the  wing  of  the 
aircraft  model  is  to  be  seen. 


13  Tow  Target  SK  10  with  carrier  aircraft  F-4 
scale  1:10,  launcher  system  ANDERSON  GREEN 
WOOD,  in  the  OORNIER  low  speed  wind  tunnel 
Releasing,  reeling  out  and  reeling  in  be- 
haviour is  tested. 


Fig.  12  Tow  Target  SK  5 with  carrier  aircraft 
FIAT  G 91  scale  1:10,  launcher  system 
DEL  MAR 


To  summarize,  the  FDT  offers  the  following  advantages  and  disadvantages  respectively 


Advantages  of  FDT 

- Qualitative  illustration  of  release  behaviour  including  the  simulation  of  collisions  store-to-air- 
craft  or  store-to-store 

- Complete  quantitative  separation  trajectory  including  the  distance  to  collision  boundary 

- Simulation  of  pair,  multiple  or  ripple  releases  are  possible 

- Simulation  of  ill-conditioned  trajectories  due  to  unstable  stores  are  possible,  e.g.  empty  dispensers 
(pods,  fuel  tanks,  rocket  launchers)  and  stores  without  tail. 


Disadvantages  of  FDT 

- Complicated  model  release  units  due  to  small  scale 

- Difficult  construction  of  dynamically  similar  store  models,  especially  for  high  speed  tests 

- Store  models  are  often  destroyed  after  first  release 

- Risk  of  damaging  wind  tunne’  equipment 

- Considerable  effort  for  analysing  the  high  speed  motion  films  frame  by  frame 

- Off-line  data  reduction. 


GRID  Testing  Technique  (GTT) 


Another  method  to  simulate  store  separations  in  the  wind  tunnel  is  called  grid  testing  technique.  Here 
the  aircraft  model  is  conventionally  mounted  on  an  operational  rear  sting  while  the  store  model  to  be  in- 
vestigated is  suspended  on  a second  operational  rear  sting  via  its  own  internal  balance.  When  the  required 
flow  conditions  have  been  stabilized  in  the  tunnel  the  store  is  moved  to  various  discreet  spatial  positions 
and  the  forces  and  moments  acting  on  the  store  are  measured.  These  points  are  preselected  by  experience  in 
a 3-dimensional  box  (GRID)  below  the  aircraft  model.  GRIO-runs  are  made  for  each  configuration  at  different 
M.  The  interference  forces  and  moments  are  computed  for  each  GRID-point  by  subtracting  the  corresponding 
theoretical  or  experimental  data  in  undistrubed  flow.  By  interpolation  functions  the  complete  interference 
flow  field  in  terms  of  aerodynamic  coefficients  is  calculated.  Feeding  the  proper  interference  and  free- 
stream  data  into  6-DOF-equations  of  motion  leads  to  the  separation  trajectory. 


Advantages  of  GTT 

- Conventional  test  technique  with  conventional  store  models 

- With  one  set  of  test  data  the  complete  interference  flow  field  is  known.  That  means  an  arbitrary 
number  of  different  store  separation  trajectories  may  be  simulated  theoretically  changing  parameters 
such  as  initial  acceleration  due  to  ejection  forces,  geometric  properties  of  the  store  etc. 


Disadvantages  of  GTT 

- Separate  operational  sting  rig  for  the  store 

- Difficult  store  manipulation  in  the  wind  tunnel 

- No  trajectory  simulation  in  the  wind  tunnel 

- No  on-line  results 

- Considerable  effort  for  data  reduction. 


Captive  Trajectory  Technique  (CTT) 


MODEL  SUPPORT  STING 


The  CTT  is  based  on  the  same  wind  tunnel  equipment  as  GTT,  but  uses  a much  more  advanced  technique.  It 
is  an  on-line  simulation  of  the  store  separation  trajectory  in  synchronous  time  steps  in  a pre-programmed 
computer  running  parallel  to  the  experimental  simulation  in  the  wind  tunnel  and  automatically  activating 
the  control  system  for  the  captive  trajectory  rig  of  the  store  model.  In  the  simpliest  form,  a corrector/ 
predictor  algorithm,  based  only  on  the  measured  store  forces  and  moments,  is  used  to  predict  theoretically 

step  by  step  'he  separation  trajectory  by 

solving  the  6-DCr-equations  of  motion  with  ••eal 

time  as  independent  variable  and  deminishing 
the  choosen  time  increment  if  bad  agreement 

gauge  balance  mooel  suppott  sting  °c^s  for  the  check  back  This  means  a kind  of 

j , — 7 / hybrid  simulation  where  the  windtunnel  plays 

^ the  role  of  the  analog  computer.  However,  it 

has  proven  to  be  more  efficient  to  compute  the 

<*i  (~~ — - I separation  trajectory  completely  Jn  the  digital 

v“  11  computer  using  the  windtunnel  only  to  check  the 

store  strain  fuppoRT  sting^Lj.  predicted  store  positions  and  loads  and  to 

gauge  balance  7***^^®'  adjust  the  theoretical  assumptions  if  bad 

captive  trajectorv  rig  agreement  occurs  between  the  theoretical  pre- 
dicted and  the  measur’d  loads  in  the  new  posi- 

l tion.  This  last  methods  allow  also  to  take 

account  for  secondary  effects  due  to  store 

Fig.  14  Schematic  arrangement  of  the  captive  thrust,  dynamic  derivatives  of  the  store  and 

trajectory  technique  aircraft  manoeuver  conditions. 


“IN- 


STORE STRAIN 
GAUGE  BALANCE 


STORE 

SUPPORT  STING 


CAPTIVE  TRAJECTORV  RIG 


Advantages  of  CCT 

- on-line  graphs  of  the  separation  trajectory  data 

- si  mple  store  models  (geometric  similarity  only) 

- simulation  of  secondary  effects 

- fast  simulation  technique 


Disadvantages  of  CCT 

- big  effort  for  captive  support  rig  and  control  system 

- mechanical  limitations  for  store  sting  support 

- it  is  not  possible  to  simulate  ill  conditioned  trajectories  of  unstable  stores. 


The  experimental  methods  described  above  are  based  either  on  the  measurement  of  the  forces  and  moments 
acting  on  the  store  in  the  interference  flow  field  or  by  actually  releasing  store  models.  The  FAT  is  a 
direct  approach  to  measure  the  interference  flow  field  itself  and  has  been  worked  out  in  the  US  AIR  FORCE 
ARMAMENT  LABORATORY  [5].  In  the  FAT  the  aircraft  model  is  conventionally  mounted  in  the  wind  tunnel  with 
the  stores  of  interest  loaded  in  the  captive  carrying  position.  The  aircraft  flow  field  below  and  beside 
the  store  is  measured  in  a pre-selected  GRID  by  means  of  a 3-dimensional  pressure  probe  capable  of  de- 
termining velocity  vectors.  The  result  is  a set  of  data  giving  the  changes  in  angle  of  attack  and  angle  of 
sideslip  of  the  interference  flow  field.  From  this,  the  interference  flow  "ield  in  terms  of  isoclines,  i.e. 
lines  of  constant  change  with  respect  to  angle  of  attack  or  sideslip,  may  be  plotted.  The  store  interfe- 
rence aerodynamic  coefficients  are  then  calculated  by  using  the  store  free-stream  coefficients  and  the 
measured  flow  angularity  values  obtained  from  the  wind  tunnel.  The  interference  coefficients  are  input  to  a 
6-DOF-computer  program  solving  the  equations  of  motion  for  the  store  and  resulting  in  the  separation  tra- 
jectory. 


The  main  advantage  of  the  FAT  is  that  once  the  data  set  has  been  aquired  large  numbers  of  trajectories 
for  arbitrary  configurations  are  computed  in  short  time  and  in  a cheap  effective  way.  Post-flight  analysis 
of  unusual  occurences  can  be  easyly  studied  by  varying  the  input  parameters  for  the  computer  program.  The 
FAT  has  been  sucessfully  used  in  the  US  to  predict  store  separation  from  F-4,  F-15,  A-10  and  A-7D  aircraft. 
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EXPERIMENTS  PLANNED  SPECIFICALLY  FOR  DEVELOPING  TURBULENCE  MODELS 
IN  COMPUTATIONS  OF  FLOW  FIELDS  AROUND  AERODYNAMIC  SHAPES 

by 

Joseph  G.  Marvin* 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035,  USA 


SUMMARY 

Building-block  experiments  and  companion  numerical  simulations  intended  to  verify  and  guide  turbulence 
modeling  are  described.  Emphasis  is  given  to  a series  of  experiments  and  computations  being  used  to  enhance 
modeling  development  for  the  shock-wave  turbulent-boundary-layer  interaction  problem.  Experiments  and 
computations  for  the  exact  experimental  geometry  are  presented  for  Mach  and  Reynolds  number  ranges  encom- 
passing those  associated  with  full-scale  vehicles  in  transonic,  supersonic,  and  hypersonic  flight.  Results 
are  given  for  transonic  flow  over  a circular-arc  airfoil  undergoing  shock-wave- induced,  boundary-layer 
separation,  for  supersonic  flow  along  a tube  wall  undergoing  a normal -shock-wave-induced,  boundary-layer 
separation,  and  for  supersonic  and  hypersonic  flows  unde-qoing  obi ique-shock-wave-induceo,  boundary-layer 
separation.  The  detailed  experimental  data  and  computations,  which  use  the  complete  Navier-Stokes  equa- 
tions, are  discussed  with  emphasis  on  their  role  in  establishing  the  concept  of  turbulence  modeling.  The 
main  conclusion  established  is  that  turbulence  modeling  progress  can  be  achieved  by  combining  numerical 
simulations  with  carefully  controlled  building-block  experiments.  Extending  this  concept  to  complete 
aircraft  is  the  step  to  be  achieved  in  the  next  decade. 

NOTATIONS 


A Van  Driest  damping  parameter,  Eq.  (5) 

Cp  skin-friction  coefficient 
Stanton  Number 
Cp  pressure  coefficient 

c chord  length 

d.  distance  from  location  of  initial  pressure 
rise  to  location  of  the  knee  in  the 
pressure  distribution  curve 

d distance  from  location  of  initial  pressure 
rise  to  location  of  separation  point 

e internal  energy 

h distance  from  wing  centerline  to  upper  or  lower 
tunnel  wall 

L relaxation  length 

z distance  from  initial  pressure  rise  to  location 
s of  reattachment  point 

M Mach  number 

p pressure 

q kinetic  energy  of  turbulence 

R reattachment  location 

R radius  of  test  section 

Re  Reynolds  number 

S separation  location 

T temperature 

t winq  maximum  thickness 

u mass-averaged  velocity  parallel  to  wall  in 

axial  direction 

v mass-averaged  velocity  normal  to  wall 


w mass-averaged  velocity  parallel  to  wall 

normal  to  axial  direction 

x axial  distance 

fix  distance  between  mesh  points 

y distance  normal  to  surface 

Z distance  of  shock  extent  relative  to  wing 

s centerline 

y Klebenoff  intermittency  factor 

5 boundary-layer  thickness 

4 boundary-layer  thickness  at  first  measuring 

station  ahead  of  interaction 

4 boundary-layer  thickness  upstream  of  inter- 

u action  (x  = 0) 

5*  kinematic  displacement  thickness 

e eddy  viscosity 

e eddy  viscosity  immediately  upstream  of 

interaction 

u molecular  viscosity 

o density 

ovV  turbulent  shear  stress 

t,Txr  total  shear  stress 

<(  )>  root  mean  square 


Subscripts 


based  on  chord  length 

indices  in  tensor  notation 

value  at  the  knee  in  the  pressure  curve 

location  of  incident  shock  impingement  on 
surface  in  absence  of  a boundary  layer 
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s value  at  shock  wave;  also  value  of 

separation  point 

t total 

u value  upstream  of  interaction 


w wall  value 
« free-stream  value 
Superscripts 
( ) time  averaged 
( )‘  fluctuating  value 


1 . INTRODUCTION 

The  rapid  development  of  faster,  larger  computers  has  been  paralleled  by  an  equally  rapid  development 
of  computational  aerodynamics.  Table  1 is  a simplified  summary  of  the  status  of  computational  aerodynamics 
that  illustrates  its  rapid  development,  particularly  since  the  start  of  this  decade.  The  stage  of 
approximation  of  the  governing  aquations  has  been  divided  into  four  (,>-ogressively  more  complex  categories, 
culminating  with  the  viscous  time-dependent  Navier-Stokes  equations.  Beginning  in  the  1930' s and  progress- 
ing through  the  1 960 ' s , invisc’d  linearized  theory  in  various  refined  stages  has  been  used  to  design  many 
of  the  current  aircraft.  Many  limitations  in  this  theory  required  that  much  of  the  configuration  design 
be  accomplished  experimentally,  however.  In  the  1 970 ' s , development  of  inviscid  nonlinear  theory  advanced 
more  rapidly  and  is  nearing  completion.  Computations  fo»-  transonic  and  hypersonic  flight  have  been  made 
for  realistic  aerospace  vehicle  geometries  (notable  examples  are  refs.  1-3).  The  major  limitation  of  these 
computations  is  that  they  cannot  handle  separated  flows.  To  provide  that  capability,  the  next  stage  of 
equation  approximation  requires  utilization  of  the  time-averaged  Navier-Stokes  equations  or  their  approxi- 
mation. Such  computations  for  turbulent  flows,  which  are  ubiquitous  and  very  important  in  most  aerospace 
vehicle  applications,  are  in  the  early  stages  of  development.  The  limitation  of  these  computations  is  the 
accuracy  of  the  turbulence  model  used  to  complete  the  system  of  governing  equations;  this  item  now  paces 
the  development.  Once  this  stage  of  approximation  reaches  the  point  of  practical  utility,  it  is  expected 
that  computations  using  the  complete  Navier-Stokes  equations  in  time-dependent  form  will  begin  their 
development,  but  an  advanced  computer  is  essent  al  before  practical  computations  become  available  because 
the  resolution  scale  for  the  smaller  turbulent  eddies  precludes  the  use  of  any  current  computers.  Thus, 
within  the  next  decade,  it  could  be  possible  to  numerically  simulate  the  flow  about  complete  aircraft 
shapes  including  important  viscous  effects.  Then,  performing  complimentary  roles,  the  computer  and  the 
large  wind  tunnel  can  significantly  reduce  the  time  and  cost  required  to  develop  new  aerospace  vehicles 
(ref.  4). 

The  Navier-Stokes  equations  are  the  basic  governing  equations  used  to  describe  most  fluid  mechanics 
phenomena.  They  apply  to  problems  involving  turbulent  flow,  but  to  avoid  the  difficulty  of  describing 
every  discrete  turbulent  motion  possible,  they  are  usually  time  averaged.  Time  averaging  eliminates  some 
of  the  information  contained  in  the  equations  and,  moreover,  results  in  more  unknowns  than  governing 
equations  through  the  introduction  of  apparent  Reynolds  stresses  for  the  actual  transfer  of  momentum  by 
velocity  fluctuations.  Therefore,  the  extra  unknowns  must  be  represented  by  physically  plausible  combina- 
tions of  quantities  for  which  transport  equations  are  expressed  in  terms  of  constants  or  empirical  functions 
considered  as  known  or  expressible  in  terms  of  the  mean  variables.  The  problem  of  reducing  the  unkrowns 
to  equal  the  number  of  equations  is  referred  to  as  the  "closure  problem";  the  process  of  expressing  the 
unknowns  as  transport  equations  in  terms  of  empirical  functions  or  constants  is  referred  to  as  "turbulence 
modeling." 

Historically,  progress  in  turbulence  modeling  has  been  slow  and  deliberate,  and  has  relied  sub- 
stantially on  a few  carefully  controlled  experiments  performed  over  a range  of  test  conditions.  Such 
experiments  could  ta  called  "building-block  experiments"  because  they  provided  the  gage  for  establishing 
the  credibility  of  computational  techniques,  but,  more  importantly,  because  they  provided  physically 
meaningful  concepts  that  ’..ere  used  to  enhance  heuristic  modeling  ideas.  The  conference  on  the  computation 
of  turbulent  flows  held  at  Stanford  University  in  1968  (ref.  5)  used  many  of  the  classic  experiments  to 
assess  progress  in  predicting  incompressible,  attached,  turbulent  flows.  Later  that  same  year,  the  confer- 
ence on  compressible  turbulent  flows  held  at  Langley  Research  Center  (ref.  6)  concluded  that  very  few,  if 
any,  compressible  flow  experiments  in  the  building-block  category  were  being  performed. 

Relying  on  historical  perspective,  if  progress  in  modeling  is  to  be  made,  it  will  come  through  combin- 
ing a broad  experimental  effort  wirh  computational  techniques  and  modeling  ideas  (ref.  5).  However,  for 
compressible  flow,  the  problems  are  more  complex  because  Mach  number  must  be  included  in  the  list  of  vari 
ables.  Figure  1 shows  the  Mach-Reynolds  number  domain  for  aerospace  vehicles  and  it  gives  an  indication 
of  the  range  of  conditions  over  which  adequate  turbulence  modeling  must  be  provided.  The  upper  limit  on 
Reynolds  number  based  on  vehicle  length  (ref.  7)  is  shown  as  well  as  the  upper  limit  based  on  wing  chord. 
Mach  number  varies  between  subsonic  and  hypersonic,  encompassing  the  range  encountered  by  coimercial 
passenger  vehicles  and  NASA's  Space  Shuttle  Vehicle.  Figure  2 compares  the  domain  of  available  experiments 
that  can  be  used  to  test  turbulence  modeling  concepts  with  that  for  the  vehicles.  The  shaded  area 
represents  partially  documented  experiments  where  zero-  or  mi  Id-pressure  gradients  were  impressed  on  the 
flow.  Reference  8 summarizes  available  experiments  and  their  measurements.  Most  of  these  earlier  experi- 
ments were  performed  at  lower  Reynolds  numbers,  which  made  it  difficult  for  the  analysts  to  confidently 
predict  Reynolds  number  trends  for  actual  flight  conditions  and,  in  most  cases,  not  enough  meaningful  data 
were  available  in  any  single  experiment  to  assess  modeling  concepts  confidently.  Thus,  the  situation 
remains  somewhat  the  same  as  for  the  development  of  linearized  theory,  where  designers  rely  mainly  on 
experiment  for  their  vehicle  development.  The  unshaded  area  in  Fig.  2 represents  the  domain  of  more 
recent  experiments  where  shock-induced  separation  was  studied  and  where  specific  attempts  to  document  the 
complete  flow-field  features  have  been  made  or  are  under  way.  These  latter  experiments  and  companion 
computations,  which  together  are  being  used  to  establish  adequate  turbulence  models  for  designers,  are 
discussed  subsequently.  Another  disturbing  consideration  is  the  lack  of  large-scale  facilities  that  can 
operate  at  Reynolds  numbers  high  enough  to  verify  complete  vehicle  designs  at  the  proper  Reynolds  number 
(ref.  7). 
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If  the  concept  of  numerical  simulation  of  flow  fields  over  complete  aircraft  is  to  become  a reality, 
the  ability  to  predict  flow-field  behaviors  at  flight  Reynolds  numbers  and  Mach  numbers  must  be  developed. 
This  paper  illustrates  how  the  computer  and  the  wind  tunnel  are  being  used  to  develop  turbulence  models 
for  a complex  class  of  fluid-dynamics  problems,  i.e.,  turbulent  boundary-layer  separation  caused  by  the 
interaction  of  a shock  wave  with  a boundary  layer.  Such  a study  can  be  viewed  as  an  early  predecessor  of 
the  larger  problem  of  using  the  computer  and  the  wind  tunnel  to  develop  real  aircraft  shapes  at  reduced 
cost  and  time.  The  first  portion  of  this  paper  reviews  the  essential  elements  of  turbulence  modeling. 
Since  experiments  are  an  essential  part  of  the  concepts  established,  some  recent  developments  in  instru- 
mentation are  reviewed  to  establish  confidence  in  our  ability  to  measure  quantities  that  can  guide  the 
modeling  processes.  Thereafter,  the  sideling  concepts  and  experimental  results  are  compared  and  conclu- 
sions drawn. 


2.  ELEMENTS  OF  TURBULENCE  MODELING 

Turbulence  is  a random,  dissipative,  three-dimensional  phenomenon  that  involves  many  characteristic 
scales.  While  the  Navier-Stokes  equations  contain  all  the  necessary  elements  of  the  physics  involved  in 
the  processes,  practical  solutions  are  possible  only  if  approximate  forms  of  the  equations  are  used.  Of 
the  myriad  of  possible  approximations,  the  Reynolds-averaged  form  (ref.  9)  of  these  equations  has  proven 
the  most  fruitful  and  probably  will  continue  to  be  so  for  some  time.  However,  averaging  introduces 
unknowns  aid,  in  order  to  close  the  equations,  it  is  essential  that  certain  terms  be  modeled. 

The  objective  of  turbulence  modeling  is  to  provide  the  designer  with  useful  tools  for  confidently 
predicting  the  behavior  of  turbulent  flows.  The  basic  three  elements  leading  to  this  objective  - are 
experiments,  intuitive  modeling  concepts,  and  the  computer  code  - shown  in  Fig.  3.  Each  element  is 
essential,  and  they  are  net  easily  separated.  The  process  could  start  with  the  modeling  concept  or  with 
the  experiments.  Historically,  the  process  began  with  experimental  observations  that  later  led  to 
modeling  concepts.  This  trend  is  beginning  to  change  in  that  model  development  and  experiment  are 
being  performed  in  parallel  and  coordinated  efforts.  Once  the  modeling  concepts  are  established,  the 
computer  code  can  be  assembled.  This  particular  sequence  is  essential  for  complicated  equation  systems 
because  the  modeling  concepts  can  often  alter  the  order  of  the  equation  system  or  method  of  solution. 

Once  the  code  has  been  established,  it  can  be  compared  with  and  verified  by  the  experiments.  If  the 
experiments  provide  enough  detail,  they  can  guide  changes  in  the  modeling  concepts  and  the  process  is 
continued  until  the  predictive  capability  of  the  code  can  be  established  and  provided  to  the  designer. 

An  important  aspect  of  the  computation  code  development  is  that  it  be  directed  specifically  to  the  geometry 
of  the  experiment  and  that  it  use  exact  experimental  initial  conditions  so  that  no  doubt  can  be  cast  on 
the  comparative  results. 

Experiments  that  support  the  modeling  process  can  be  classified  according  to  the  type  of  closure 
proposed.  Bradshaw  (ref.  10)  broadly  classified  these  closures  as  first  and  higher  order,  corresponding, 
respectively,  to  closures  either  where  second-order  correlations  like  the  Reynolds  stresses  are  expressed 
in  terms  of  first-order  correlations  like  the  mean  velocity,  viz.,  algebraic  mixing  length  or  eddy  viscos- 
ity formulations,  or  where  third-  and  higher-order  correlations  are  expressed  in  terms  of  second-  and 
higher-order  correlations  by  introducing  additional  appropriate  transport  equations.  Table  2 gives  the 
elements  of  the  experiments  required,  depending  on  the  type  of  equation  closure.  Verification  experiments 
by  their  nature  require  documentation  of  mean  and  surface  quantities  over  the  practical  ranges  of  flight 
Mach  and  Reynolds  numbers.  These  experiments  are  useful  for  any  closure  technique  used.  First-order 
modeling  experiments  are  those  that  require  measurements  of  the  shear  stress  and  heat  fluxes  across  the 
flow  field  because  these  quantities  provide  insight  into  concepts  used  to  model  these  terms  and  provide 
closure.  Such  experiments  can,  but  need  not  be,  attempted  over  the  complete  Mach  and  Reynolds  number 
ranges  because  the  verification  experiments  can  test  the  ability  of  the  model  to  perform  outside  the  domain 
where,  e.g.,  the  shear  stresses  have  been  measured.  They  must  be  performed  at  Reynolds  numbers  suffi- 
ciently high  to  establish  fully  developed  turbulence.  Higher-order  modeling  experiments  require  that 
fluctuating  measurements  be  made  across  the  flow  field.  Depending  on  the  order  of  the  closure,  more  and 
more  information  on  the  fluctuating  field  must  be  ascertained.  As  for  any  modeling  experiment,  data  need 
not  be  acquired  over  the  complete  Mach  and  Reynolds  number  domain  provided  verification  experiments  are 
available.  Ideally,  one  well-conceived  experiment  could  suffice  for  all  three  types  listed  in  Table  1. 
Moreover,  the  same  experimental  apparatus  and  Instrumentation  can  be  used  to  eliminate  experimental 
uncertainties.  Coles  (ref.  11)  emphasized  this  latter  aspect  when  commenting  on  the  flows  used  as  the  basis 
for  the  Stanford  Conference.  He  also  emphasized  the  need  for  redundancy  of  measurement,  complete  documenta- 
tion for  future  reference,  and  the  elimination  of  three-dimensional  uncertainties  by,  tor  example,  testing 
axi symmetric  configurations. 


3.  INSTRUMENTATION  DEVELOPMENTS 

Verification  and  mideling  experiments  for  incompressible  flows  have  been  available  for  some  time. 
Compressibility  introduces  complexities  into  the  modeling  concepts  as  well  as  the  experiments.  The  complex- 
ity In  the  experiments  results  from  the  hostile  test  environment  of  high  Reynolds  numbers  and  high  Mach 
numbers  as  well  as  in  the  use  and  interpretation  of  fluctuating  measurement  devices.  Recent  instrumentation 
developments  and  techniques  have  made  it  possible  to  perform  modeling  experiments  at  high  Reynolds  numbers 
and  Mach  numbers.  Results  from  two  such  experiments  are  given  in  Figs.  4 and  5. 

Figure  4 shows  the  results  from  several  experiments  where  shear  stress  measurements  were  made  across 
turbulent  boundary  layers  without  pressure  gradients.  The  boundary-layer-edge  Mach  number  in  these  experi- 
ments ranged  from  subsonic  through  hypersonic.  The  solid  line  Indicates  the  expected  variation  of  the 
normalized  total  shear  stress  shown  in  ref.  12  to  be  independent  of  edge  Mach  number.  The  measurements, 
obtained  with  hot-wire  and  hot-film  anemometers  and  a laser  velocimeter,  show  the  variation  of  the  turbulent 
component  of  shear  stress.  Except  for  the  decreases  near  the  wall  (y/6  < 0.3)  due  mainly  to  the  relatively 
large  probe  size  and  not  the  difference  between  the  total  and  turbulent  magnitudes  of  shear,  the  data  agree 
reasonably  well  with  the  expected  trends  in  shear  distribution.  Work  is  in  progress  to  resolve  the 


differences  near  the  wall  and  some  success  has  been  achieved  (ref.  13,  e.g.,  use  of  a split-film  anemom- 
eter minimizes  the  probe  scale  effects  and  suppresses  the  decrease  to  a location  much  nearer  the  wall). 

From  such  data,  mixing  lengths  or  eddy  viscosities  in  the  outer  regions  of  a turbulent  boundary  layer  can 
be  determined  for  use  in  first-order  modeling  concepts. 

Figure  5 shows  the  results  of  measurements  of  the  fluctuating  velocities  and  densities  across  a high- 
speed subsonic  turbulent  boundary  layer  (ref.  14).  These  data  were  obtained  with  hot-wire  and  hot-film 
anemometers  operating  at  high  overheats  so  that  the  sensitivities  to  various  fluctuations  can  be  separated 
(ref.  14).  The  solid  lines  are  the  usual  ratios  4:3:2  for  ( < u 1 > ) 2 : ( <w *>)2:(<v‘>)2  in  incompressible  flows. 
The  compressible  measurements  agree  reasonably  well  with  the  ratios  obtained  for  incompressible  flow. 
Reasonably  accurate  measurements  for  the  fluctuating  components  of  the  velocity  field  in  comoressible 
flows  can  be  expected.  Also,  for  modeling  purposes,  it  might  only  be  necessary  to  obtain  trends  in 
these  quantities  with  parameter  changes  such  as  pressure  gradient,  Reynolds  number,  and  Mach  number  rather 
rather  than  absolute  magnitudes. 

Recent  advances  in  wall  skin-friction  measurements  techniques  have  also  been  reported  (ref.  15). 
Results  obtained  using  these  surface-mounted  hot-wire  gages  of  the  Ludwig  type  are  presented  later.  The 
advantage  of  these  gages  is  that  they  can  be  used  in  either  laminar  or  turbulent  flows  and  they  are  insen- 
sitive to  pressure-gradient  effects. 


4.  EXPERIMENTS 

Some  of  the  building-block  experiments  now  being  used  to  predict  the  behavior  of  turbulent  boundary 
layers  undergoing  separation  after  their  interaction  with  an  incident  shock  wave  are  described.  Each 
experiment,  in  which  there  is  a significant  coupling  of  the  viscous  and  inviscid  flow  fields,  has  a 
companion  computer  simulation  that  uses  the  complete  time-averaged,  Navier-Stokes  equations  and  requires 
a large  fast  computer  for  their  solution.  The  experiments,  in  various  degrees  of  completeness  at  this 
time,  cover  a wide  range  of  Mach  number  and  Reynolds  number. 
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4.1  Transonic  Regime 

The  first  two  experiments  involve  transonic  flows  with  particular  interest  directed  toward  shock- 
boundary-layer interactions  on  wings.  Figure  6(a)  shows  the  experimental  arrangement  for  a verification 
experiment  (ref.  16)  being  performed  on  a wing  that  spans  the  test  section  of  a high  Reynolds  number 
channel  recently  built  at  Ames  Research  Center.  The  facility  operates  in  a blow-down  mode,  and  the  free- 
stream  Mach  number  can  be  adjusted  before  or  during  tests  by  a translating  wedge  that  acts  as  a downstream 
choke.  The  upper  and  lower  walls  are  contoured  so  that  strong  shocks  would  not  extend  to  the  walls  and 
choke  the  flow.  A thick  circular-arc  wing  (Fig.  6(b))  was  chcsen  to  allow  local  airfoil  Mach  numbers  to 
achieve  values  where  shock-induced  separation  would  occur,  but  without  having  the  shock  extend  more  than 
about  2/3  of  the  distance  between  the  wing  and  the  outer  wall.  Surface  pressures  for  various  Mach  numbers 
and  Reynolds  numbers  have  been  obtained  (ref.  16)  as  well  as  surface  skin  friction  at  specific  Reynolds 
numbers.  Still  to  be  obtained  are  mean  velocity  data  and  more  skin-friction  data. 

The  wing  experiment  resulted  in  both  shock-induced  and  trail ing-edge-induced  separation,  depending  on 
the  free-stream  Mach  number.  Data  were  obtained  to  Reynolds  numbers,  based  on  chord  length,  of  17*106. 

At  intermediate  Mach  numbers,  some  unsteadiness  in  the  flow  field  occurred.  The  results  are  discussed  in 
detail  in  ref.  16.  Reynolds-number  effects  for  both  the  trailing  edge  and  shock-induced  separation  were 
not  significant  beyond  Reynolds  numbers  of  10*106  based  on  wing  chord.  Some  results  obtained  when  shock- 
induced  separation  occurred  are  given  in  Fig.  7.  Oil-flow  patterns  (lower  portion  of  the  figure)  illustrate 
the  two-dimensionality  of  the  flow  and  the  detail  in  the  region  downstream  of  separation.  The  shadowgraph 
view  near  the  interaction  clearly  illustrates  shock-induced  separation.  The  pressure  ratios  downstream  of 
the  shock  are  below  Cp,  indicating  that  the  flow  is  slightly  supersonic  and  suggesting  the  presence  of  an 
oblique  shock  (also  apparent  in  the  shadowgraph).  Figure  8 presents  the  airfoil  pressures  at  several 
Reynolds  numbers  and  the  skin-friction  measurements  at  a single  Reynolds  number.  The  skin-friction  mea- 
surements were  obtained  recently  by  Rubesin  and  Okuno  using  surface-mounted  wire  gages  specifically  devel- 
oped for  this  experiment  (ref.  15).  The  location  of  separation,  determined  from  the  oil-flow  photograph, 
is  shown  on  the  abscissa  of  the  skin-friction  plot.  This  location  also  corresponds  to  the  location  of  the 
knee  in  the  pressure  curve  downstream  of  the  shock.  The  comparison  with  the  computations  is  discussed 
subsequently. 

Figure  9 shows  the  physical  arrangement  of  another  transonic  flow  experiment  (ref.  17)  being  used  for 
code  verification  and  model  concept  development.  These  tests  are  also  being  conducted  in  the  Ames  high 
Reynolds  number  channel.  Supersonic  fow  was  developed  at  the  entrance  of  an  axisymmetric  test  section  and 
a normal  shock  wave  was  positioned  at  a fixed  location  by  adjusting  the  location  of  a downstream  shock 
generator.  The  relative  distance  between  the  shock  wave  and  the  downstream  shock  generator  was  always  about 
1 m.  Experimental  verification  data  were  obtained  for  Reynolds  numbers,  based  on  distance  aiong  the  wall 
to  the  location  of  the  shock  wave,  between  9x1 06  and  290xl06.  Over  this  range  of  Reynolds  number, 

Mach  number  varied  between  1.35  and  1.45  because  of  the  differences  in  wall  boundary-layer  growth.  With 

this  arrangement,  data  are  also  being  obtained  at  constant  shock  Mach  number  by  allowing  the  shock  position 
to  vary  along  the  tube  surface  when  the  Reynolds  number  is  varied.  A complete  flow  documentation, 

Including  turbulence  measurements,  has  been  performed  at  a Reynolds  number  of  37*106  where  the  corre- 
sponding Mach  number  ahead  of  the  shock  wave  was  1.44. 

Examples  of  the  data  are  presented  in  Figs.  10  and  11.  Additional  results,  including  velocity  profiles 

and  velocity  fluctuation  data,  are  given  in  ref.  17.  The  shock  position  is  located  at  x/6u  * 0.  The  pres- 
sure rises  rapidly  downstream  of  the  shock  wave  and  causes  separation,  after  which  it  increases  gradually. 
The  corresponding  skin  friction  is  reduced  ahead,  reverses  sign  in  the  separated  region,  ard  then  Increases 
thereafter.  The  shear  stress  data  (Fig.  11)  were  obtained  with  a supported  cross-wire  anemometer  specially 
designed  to  withstand  the  high  dynamic  pressures  encountered  in  this  experiment  (ref.  17).  The  maximum 
shear  stress  in  the  boundary  layer  shows  a significant  increase  after  the  shock  wave  and  then  decreases 
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downstream  toward  the  value  expected  for  a mild  adverse  pressure  gradient.  Dowrstream  of  the  shock  wave 
beyond  the  effective  boundary  layer,  some  measurable  shear  was  evident.  It  reverses  sign  because  the 
mean  velocity  profiles  are  retarded,  probably  resulting  from  a coalescence  of  compression  waves  ahead  of 
the  shock  wave  (ref.  17).  In  this  flow,  the  height  of  the  separated  zone  was  very  small  and  no  details 
were  measured  In  the  reversed-flow  region. 

Documentation  of  the  mean  flow  over  a wide  range  of  Reynolds  numbers  Is  now  under  way.  These  data 
will  be  used  to  assess  the  ability  of  the  turbulence  model  to  predict  Reynolds-number  effects  on  quanti- 
ties such  as  interaction  lengths,  pressure  rise  to  separation,  and  the  effects  of  Mach  number  on  incipient 
separation.  An  example  of  this  is  shown  in  Fig,  12  wherein  the  pressure  rise  to  separation,  as  determined 
from  the  location  of  the  knee  in  the  pressure  curve  (ref.  18),  and  the  normalized  interaction  lengths,  as 
determined  by  measuring  the  distances  from  the  teginnlng  of  the  pressure  rise  to  the  location  of  the  knee 
in  the  pressure  curve  and  to  the  point  of  reattachment,  are  plotted  as  a function  of  Reynolds  number.  For 
these  data,  the  test  Mach  number  varied  somewhat  because  the  shock  was  always  at  the  same  axial  location 
in  the  test  section.  The  normalized  data  indicate  that  the  pressure  rise  to  separation  is  unaffected  by 
Reynolds  number  and  that  the  length  of  the  interaction  scales  with  the  initial  boundary-layer  thickness. 
Additional  data  of  this  type  are  being  obtained  for  a constant  shock  Mach  number  by  allowing  the  shock 
position  to  change  along  the  tube  surface  when  the  Reynolds  number  is  changed. 

4.2  Supersonic  Regime 

One  experiment  being  used  to  verify  the  computations  in  the  supersonic  regime  is  the  adiabatic  shock- 
impinging  flow  originally  reported  by  Reda  and  Murphy  (ref.  19).  Figure  13  is  a schematic  of  the  test 
arrangement.  Shock  waves  of  varying  strength  were  impinged  on  a M = 3 boundary  layer  developed  along 
a tunnel  wall.  For  some  tests,  the  shocks  were  strong  enough  to  separate  the  flow  on  the  tunnel  wall. 
Mean-flow  profiles  and  surface-pressure  data  were  reported  originally.  Since  the  original  work  was 
completed,  skin-friction  data  have  been  inferred  from  the  profile  data  (ref.  20)  and  shear  distribution 
upstream  and  downstream  of  an  interaction  without  separation  were  measured  (ref.  21).  Currently,  measure- 
ments throughout  a separated  region,  such  as  velocity  fluctuations,  shear  distributions,  and  surface  skin 
friction,  are  being  documented. 

The  surface  pressure,  normalized  by  the  upstream  total  pressure,  and  indirectly  inferred  wall  shear 
stress  for  a separated  flow  case  are  shown  in  Fig.  14.  Separation  and  reattachment  points  from  oil-flow 
photographs  are  indicated.  The  pressure  data  have  a plateau  near  the  separation.  Data  for  various  shock 
strengths  (ref.  19)  will  be  used  to  assess  the  ability  of  the  Navier-Stokes  codes  to  predict  the  onset  of 
separation. 

4.3  Hypersonic  Regime 

At  hypersonic  speeds,  the  axisymmetric  shock  expansion  boundary-layer  interaction  flow  described  in 
Ref.  22  is  being  used  to  guide  turbulence  modeling  concepts.  The  experiment  is  sketched  in  Fig.  15.  The 
leading  edge  of  the  shock  generator  was  varied  between  5°  and  20°.  Measurements  in  the  axial  direction 
were  made  in  finely  spaced  steps  by  traversing  the  shock  generator  in  the  axial  direction  during  the  tests. 
Complete  flow  documentation,  including  turbulence  measurements  across  the  flow  field,  is  available  for 
shock  generator  angles  of  7°  and  15°  where  unseparated  and  fully  separated  interactions  occurred,  respec- 
tively. Surface  pressure,  friction,  and  heat  transfer  are  available  for  other  generator  angles  and 

will  be  used  to  verify  the  ty  of  the  turbulence  model  to  predict  the  effects  of  shock  strength  on 

separation  at  hypersonic  speeds. 

The  surface  pressure,  skin  friction,  and  heat  transfer  for  separated  flow  are  shown  in  Fig.  16. 
Separation  and  reattachment  points  obtained  from  pitot-pressure  measurements  on  probes  near  the  surface 
facing  both  upstream  and  downstream  (ref.  22)  are  shown.  The  pressure  increases  through  the  interaction 
region  to  a plateau  near  separation  and  then  rises  farther  after  reattachment.  The  skin  friction  decreases, 
then  rises  downstream  of  reattachment.  The  heat  transfer  rises  continually.  The  decay  in  pressure, 
skin  friction,  and  heat  transfer  downstream  of  the  interaction  results  from  the  expansion  fan*  emanating 
from  the  corner  of  the  generator. 

Fluctuating  turbulence  properties  to  be  used  to  guide  modeling  changes  were  measured  across  the 
boundary  layer  at  four  locations  through  the  interaction  (ref.  23).  An  example  of  the  measurements  is 
shown  in  Fig.  17,  where  the  shear  stresses  at  the  four  measurement  locations  are  plotted.  It  was  not 
possible  to  obtain  shear  measurements  in  the  reversed-flow  region  of  the  separation  bubble  at  the  second 
measurement  station  so  the  expected  trend  has  been  sketched.  The  measurements  show  many  of  the  same 
features  as  for  the  transonic  test  shown  previously  in  Fig.  11.  Through  the  interaction,  the  maximum 
level  of  shear  stress  near  the  separated  region  increases  significantly.  Downstream  of  reattachment, 

(x  - \q)/6q  > -1,  the  shear  profiles  do  not  differ  in  shape  from  those  usually  found  ’n  zero  or  slightly 
favorable  pressure  gradients.  Turbulence  memory  apparently  persists  only  for  about  five  boundary-layer 
thicknesses  beyond  the  initial  rise  in  pressure  (ref.  23). 
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5.  FLOW-FIELD  SIMULATIONS 

The  flow  fields  experimentally  investigated  have  each  been  programmed  for  numerical  simulation  on  a 
CDC-7600  computer.  Each  program  uses  the  mass-averaged  form  of  the  time-dependent  Navier-Stokes  equations 
(ref.  24)  and  solves  them  with  the  MacCormack  time-marching  explicit  scheme  with  splitting  (ref.  251.  Tne 
complete  Navier-Stokes  equations  were  used  because  the  viscous  and  inviscid  flows  interact  significantly; 
use  of  approximate  solution  techniques  would  only  introduce  uncertainty  when  evaluating  the  ability  of  the 
turbulence  models  to  predict  measured  trends  with  Mach  number  and  Reynolds-number  variations. 

Each  of  the  programs  and  solution  techniques  have  been  reported  on  separately  and  their  details  are 
not  addressed  here.  Only  the  general  form  of  the  equations  is  presented  and  some  of  the  terms  in  the 
equations  affected  by  the  turbulence  assumptions  are  discussed  briefly.  Then  the  results  are  compared  with 
experimental  data. 


J 


Written  in  divergence  form  for  the  axi symmetric  geometry  shown  in  Fig.  9,  the  governing  equations 
are  (ref.  17): 
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Solutions  to  the  above  equations  are  advanced  in  time  until  steady-state  solutions  are  achieved.  The 
turbulence  terms  to  be  modeled  appear  in  the  axial,  radial,  and  azimuthal  stress  terms,  oxx,  oj-j-.  and  agg, 
respectively,  and  in  the  heat-flux  and  shear-stress  terms,  qx,  qy  and  ixr,  respectively  (ref.  17),  e.g., 
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Turbulence  effects  are  then  introduced  by  using  a scalar  eddy  viscosity  coefficient, 


(3) 


Uy  = u + e (4) 

The  turbulent  thermal  conductivity  is  related  to  the  eddy  viscosity  by  introducing  a turbulent  Prandtl 
number  that  is  held  constant  for  each  computation.  The  choice  of  introducing  an  eddy  viscosity  description 
was  dictated  by  two  considerations.  First,  the  initial  objective  of  the  computations  was  to  simply  assess 
the  ability  of  the  codes  to  compute  a strong  viscid-inviscid  interaction  such  as  that  imposed  when  a shock 
wave  separates  a turbulent  boundary  layer  and,  to  accomplish  this  within  the  numberical  framework  already 
established  for  laminar  flows  (ref.  26),  the  implementation  of  a Boussinesq  effective  viscosity  (ref.  27) 
formulation  was  straightforward.  Second,  the  economies  of  computation  using  a Navier-Stokes  code  required 
that  the  simplest  turbulence  model  available  be  used,  otherwise  excessive  computation  times  would  make  the 
assessment  of  even  the  first  objective  difficult.  While  the  purpose  of  this  paper  is  not  to  discuss  recent 
advances  in  computation  techniques,  it  can  be  reported  that  the  basic  MacCormack  code  has  been  speeded  up 
by  one  order  of  magnitude  (ref.  28)  or  more,  depending  on  the  problem  under  consideration.  This  was  made 
possible  by  rearranging  equation  terms  into  inviscid  and  viscid  combinations  that  allow  further  splitting 
into  inviscid  and  viscid  operators.  The  inviscid  operators  can  be  advanced  in  time  steps  larger  than  those 
dictated  by  CFL  stability  condition  by  introducing  certain  characteristics  terms;  the  viscous  terms  are 
advanced  implicitly.  While  the  solutions  may  not  be  rigorously  accurate  in  time,  their  steady-state  solu- 
tions are.  This  major  computational  advance  now  makes  it  economically  feasible  to  include  higher-order 
modeling  concepts  into  the  codes  for  testing  against  the  experimental  data  and  this  is  now  under  way. 

A baseline  turbulence  model  has  been  used  to  determine  whether  the  codes  can  predict  the  qualitative 
features  cf  the  flow  fields.  Essentially,  the  baseline  model  is  a two-layer,  eddy  viscosity  model  that 
uses  mixing  length  with  Van  Driest  damping  in  the  inner  region  and  an  eddy  viscosity  that  scales  on  the 
incompressible  displacement  thickness  in  the  outer  region  (ref.  22).  In  equation  form,  in  the  inner  region: 


where 
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and,  in  the  outer  region, 


0.0168  pug£*/Y 


(6) 


In  Eq.  (6),  6-(*  and  y are  the  kinematic  displacement  thickness  and  the  Klebenoff  intermittency, 
respectively  ( ref.  22).  As  will  be  shown,  solutions  using  the  baseline  model  indicate  that  the  computations 
can  Indeed  predict  all  the  qualitative  features  of  the  flow  field,  but  improvements  in  the  baseline  model 
are  required  before  quantitative  features  can  be  predicted. 

Modifications  to  Improve  the  predictions  using  the  Boussinesq  formulation  have  been  guided  by  experi- 
ments in  two  separate  approaches,  both  resulting  in  essentially  the  same  findings.  The  first  used 
experimental  dcta  to  introduce  an  axial  dependence  on  the  baseline  model  constants  throughout  the  inter- 
action zone  (ref.  22).  Results  with  this  technique  showed  improvement  but  the  generalization  to  other 
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flows  was  limited.  Essentially,  the  experimental  results  of  ref.  22  showed  that,  in  the  separation  zone, 
the  effective  mixing  lengths  in  the  wall  region  were  smaller  than  those  predicted  by  the  baseline  model 
and  downstream  they  were  higher.  Both  results  seem  to  Indicate  that  the  corresponding  effective  eddy 
viscosities  were  lower  and  higher  than  the  baseline  values  within  and  downstream  of  the  interaction, 
respectively.  The  second  approach  introduced  the  concept  of  relaxation  into  tha  model  (refs.  21  and  29). 
This  relaxation  concept  was  postulated  on  the  basis  of  comparisons  with  experimental  pressure  data  (as  in 
ref.  29)  or  on  the  basis  of  interpretation  of  turbulence  measurements  (as  in  refs.  21  and  23).  The  latter 
measurements  showed  that  the  turbulence  took  a finite  distance  to  equilibrate  with  the  changes  in  mean  flow 
through  the  interaction.  This  finite  distance  is  somewhat  different  for  each  flow,  and  apparently  depends 
on  Mach  and  Reynolds  numbers.  In  equation  form,  relaxation  can  be  described  either  on  a global  or  a 
point-by-point  departure  from  the  baseline  model  as  follows: 

e = Eu  + (teq  ' £u)[1  * exp  T 3 (7) 

or 

e(x)  = f(x  - ix)  + [eeq(x)  - e(x  - Ax)][l  - exp(-  p)]  (8) 

where  e?q  is  evaluated  using  the  baseline  formulation  with  locally  determined  mean  flow  properties 
and  L is  an  arbitrary  relaxation  length. 

Each  of  the  experimentally  determined  flow  fields  has  been  computed  using  the  baseline  and  relaxation 
models,  ther,  they  are  compared  with  the  data  in  each  of  the  figures  introduced  previously.  In  each  appli- 
cation, the  investigator  introduced  some  differences  in  the  details  of  applying  the  baseline  and  relaxation 
models  described  above.  These  details  are  discussed  in  the  references  cited.  The  observed  trends  of 
interest  here  are  not  thought  to  be  affected  by  these  differences,  however. 

5 . 1 Transonic  Regime 

The  data  from  the  transonic-wing  experiment  are  compared  with  the  computations  in  Fig.  8.  With  the 
baseline  model,  the  overall  features  of  the  flow  field  are  predicted  reasonably  well.  For  example,  the 
trend  of  increasing  airfoil  peak  Mach  number  with  Reynolds  number  is  predicted,  as  is  separation  due  to 
shock  interaction.  Downstream  of  the  shock,  where  the  flow  separates,  the  pressure  recovery  is  over- 
predicted because  the  predicted  shock  wave  is  normal , whereas  the  experimental  shock  wave  is  oblique.  A 
comparison  of  the  predicted  and  measured  skin  friction  at  Re  = 107  further  illustrates  the  differences 
in  that  region  as  the  location  of  predicted  separation  is  downstream  of  that  location  determined  from  the 
oil-flow  photographs.  Use  of  the  relaxation  concept  (ref.  30)  with  one  boundary-layer  thickness  for  L 
(relaxation  length)  tends  to  shift  the  location  of  the  shock  wave  closer  to  the  leading  edge,  reduces  the 
peak  Mach  number  and  resulting  shock  strength,  but  the  pressure  recovery  is  still  overpredicted.  (Solutions 
using  other  choices  for  L did  not  improve  the  results  (ref.  30).)  Relaxation  model  solutions  were  not 
computed  at  the  higher  Reynolds  number,  but  closer  agreement  with  the  separation  location  would  be  expected. 
For  lower  Mach  numbers,  where  the  flow  is  not  separated  but  where  viscous  effects  are  still  important,  the 
computations  using  the  baseline  model  compare  vary  favorably  with  the  data,  except  at  the  trailing  edge 
where  extensive  separation  occurred  (ref.  30). 

Comparisons  of  the  computations  with  the  data  from  the  normal  shock-wave  experiment  are  presented  in 
Figs.  10  to  12.  As  mentioned  in  ref.  17,  the  height  of  the  separation  zone  was  fairly  small,  but  the 
length  of  separation  was  large,  perhaps  6-12  boundary- layer  thicknesses,  depending  on  the  techniques  of 
measurement.  The  pressure  prediction  agrees  well  with  the  data.  The  skin  friction  is  underestimated 
downstream.  Including  local  relaxation  with  a relaxation  length,  L,  of  10  boundary-layer  thicknesses 
in  the  turbulence  model  (i.e.,  Eq.  (8))  resulted  in  poorer  agreement  in  the  skin  friction  downstream 
and  no  significant  changes  in  the  pressure  rise.  The  shear  distributions  obtained  using  the  global 
relaxation  model  are  compared  with  the  data  in  Fig.  11  et  three  locations  downstream  of  the  wave. 

Similar  results  were  obtained  with  the  baseline  and  local  relaxation  models.  The  computations  fail  to 
predict  the  significant  increase  in  shear  at  the  first  station  and,  evidently,  this  continues  to  affect 
the  prediction  downstream.  The  effects  of  Reynolds  number  on  the  interaction  are  compared  in  Fig.  12.  The 
predicted  separation  pressures  and  length  of  interaction  to  the  separation  point  are  compared  with  the 
experimental  pressure  and  length  evaluated  at  the  knee  in  the  pressure  curve.  The  trends  with  Reynolds 
number  are  predicted  reasonably  well.  The  separation  point  from  the  computations  occurs  upstream  of  the 
knee  in  the  pressure  curve.  The  overall  length  of  the  interaction  is  underpredicted.  All  calculations 
shown  in  this  figure  were  made  recently  by  J.  R.  Viegas  using  the  new  faster  version  of  the  MacCormack 
code  (ref.  28).  These  new  calculations  took  less  than  10  min  on  a CDC-7600,  whereas  the  first  computations 
(ref.  17)  took  about  5 hr  on  the  same  computer. 

5.2  Supersonic  Regime 

Comparisons  for  the  oblique-shock  Interaction  using  the  baseline  and  relaxation  turbulence  models 
are  shown  in  Fig.  14.  For  the  oblique-shock  interaction,  the  baseline  model  predicts  the  overall  pressure 
rise  reasonably  well  and  also  predicts  separation.  However,  no  appreciable  upstream  influence  in  the 
pressure  and  no  plateau  are  indicated  in  the  calculations  because  the  size  of  the  separation  bubble  is 
underpredicted.  Introducing  the  relaxation  concept  with  L * 5 boundary-layer  thicknesses  corrects  this 
deficiency  because  it  lowers  the  effective  eddy  viscosity  near  the  separation,  thus  increasing  the  size 
of  the  separated  zone,  which  In  turn  Introduces  a plateau  in  the  pressure  rise  curve.  The  location  of 
separation  is  predicted  with  the  relaxation  model,  but  the  reattachment  location  is  too  far  downstream. 

The  comparison  with  the  wall  shear  downstream  of  reattachment  where  the  boundary  layer  thins  may  appear 
better  than  is  the  actual  case  because  these  computations  were  made  with  a relatively  coarse  grid,  and 
In  the  downstream  locations  the  first  computation  point  away  from  the  wall  was  in  the  logarithmic  region 
of  the  turbulent  boundary  layer.  Since  the  method  used  to  obtain  derivatives  at  the  wall  requires  calcu- 
lated points  within  the  sublayer  region,  the  predicted  shear  is  expected  to  be  lower  than  the  measurements, 
and  the  results  would  be  similar  to  those  for  the  transonic  normal-shock  comparisons. 
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5.3  Hypersonic  Regime 

In  Fig.  16,  the  predicted  results  and  experimental  data  are  compared.  As  with  the  supersonic  oblique- 
shock  Interaction,  the  baseline  model  prediction  reproduces  the  overall  trends  in  the  data  but  is  deficient 
In  the  separated  region.  Recent  calculations  by  T.  0.  Coakley  using  a relaxation  model  with  L = 5 
boundary- layer  thicknesses  (as  indicated  by  the  turbulence  measurements  from  ref.  23)  improve  the  situation 
somewhat.  (See,  e.g..  Fig.  17  and  the  previous  discussion  of  Fig.  17.)  The  height  of  the  separation  Is 
greater  and  the  resulting  upstream  Influence  leads  to  a plateau  In  the  pressure.  The  location  where  skin 
friction  begins  to  decrease  Is  predicted,  but  the  extent  of  the  separation  in  the  axial  direction  is 
overpredicted  significantly,  much  as  for  the  supersonic  example.  The  heat  transfer  Is  underpredicted 
throughout  the  Interaction  region  with  elthe.-  model. 

From  an  examination  of  all  the  comparisons,  general  observations  about  the  computations  can  be  made. 

In  most  cases,  the  pressure  rise  can  be  predicted  reasonably  well  with  a simple  eddy  viscosity  description 
for  the  turbulence.  The  exception  is  for  the  transonic  wing  where  the  shock-induced  separation  was  very 
large  and  extended  from  the  foot  of  the  shock  beyond  the  trailing  edge.  The  eddy  viscosity  concept  Is 
deficient  In  providing  the  proper  details  within  the  separated  zone  and  this,  in  turn,  apparently  affects 
the  entire  flow  field  when  the  separation  zones  are  large,  viz.,  the  oblique-shock  cases.  Introducing 
relaxation  tends  to  Improve  the  situation  somewhat  because  It  decreases  the  eddy  viscosity  in  the  region 
of  separation,  resulting  in  an  increase  In  the  height  of  the  separation.  However,  the  net  decrease  in 
eddy  viscosity  persists  beyond  the  separated  zone  even  for  short  relaxation  lengths,  and  the  codes  under- 
predict the  skin  friction  downstream.  Interpretation  of  the  modeling  experiments  indicates  the  need  for 
an  Increase  In  effective  eddy  viscosity  downstream  of  reattachment.  Therefore,  improved  turbulence 
models  that  more  closely  reflect  the  experimental  findings  must  be  introduced  before  realistic  simulations 
can  be  made. 


6.  CONCLUDING  REMARKS 

Experiments  of  two  types  needed  to  achieve  the  objectives  of  numerically  simulating,  highly  interacting 
turbulent  flows  were  described.  These  experiments  were  classified  as  verification  and  modeling  experiments: 
verification  experiments  that  measure  mean  flow  and  surface  quantities  could  suffice  for  checking  the 
code's  ability  to  predict  correctly  over  a range  of  Mach  and  Reynolds  numbers,  whereas  turbulence  modeling 
experiments  require,  in  addition  to  mean-flow  measurements,  that  fluctuating  measurements  be  made  to  the 
degree  of  complexity  called  for  In  the  order  of  the  modeling  closure  technique.  From  the  numerical 
simulation  viewpoint,  the  lowest-order  closure  technique  is  more  desirable  because  the  complexity  of  the 
numerical  procedures  and  the  computation  times  can  be  reduced. 

Progress  in  modeling  turbulence  for  the  computer  codes  using  the  Navier-Stokes  equations  has  been 
limited  so  far  to  modifications  of  the  simple  eddy  viscosity  descriptions  because  the  computation  times 
have  been  excessive.  Recent  developments  In  the  method  for  solving  the  Navier-Stokes  equations  have 
altered  that  situation  because  the  computations  have  been  speeded  up  by  several  orders  of  magnitude. 

Computer  simulations  that  use  higher-order  modeling  concepts  are  forthcoming,  and  it  is  expected  that  these 
will  more  closely  resemble  the  experimentally  observed  results. 
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TABLE  I.  STATUS  OF  COMPUTATIONAL  AERODYNAMICS 


STAGE  OF 
APPROXIMATION 

READINESS  TIME  PERIOD 

2D  3D  3D 

AIRFOILS  WINGS  AIRCRAFT 

LIMITATIONS 

PACING  ITEM 

INVISCID 

LINEARIZED 

1930$  1950's  1960$ 

USED  IN  CURRENT 
AIRCRAFT  DESIGN 

SLENDER  CONFIGURATIONS 
SMALL  ANGLE  OF  ATTACK 
PERFECT  GAS 
NO  TRANSONIC  FLOW 
NO  HYPERSONIC  FLOW 
NO  FLOW  HEPARATION 

INVISCID 

NONLINEAR 

1971  1973  1976  ? 

DEVELOPMENT 
NEARING  COMPLETION 

NO  FLOW  SEPARATION 

CODE 

DEVELOPMENT 

VISCOUS 
TIME  AVERAGED 

1975  1977  ? 1979  ? 

EARLY  STAGE 
OF  DEVELOPMENT 

ACCURACY  OF 
TURBULENCE  MODEL 

TURBULENCE 

MODELING 

VISCOUS 

TIME  DEPENDENT 

MID  1980's 

ACCURACY  OF 
NAVIER  - STOKES  EOS- 

DEVELOPMENT 
OF  ADVANCED 
COMPUTER 

TABLE  2.  ELEMENTS  OF  WELL-DOCUMENTED  BUILDING-BLOCK  EXPERIMENTS 


TYPE  OF 
EQUATION 
CLOSURE 

TYPE  OF 
EXPERIMENT 

DOCUMENTED 

QUANTITIES 

TEST 

CONDITIONS 

FIRST  ORDER 
OR 

HIGHER  ORDER 

VERIFICATION 

CF-  CH-  >V  Y,  u,  v,  w,  <qco> 

TO  FLIGHT 
MACH  AND 
REYNOLDS  NO. 

FIRST  ORDER 

FIRST  ORDER 
MODELING 

CF-  CH-  PW-  Y.  «.  *.  <4oo> 

p v'  u\  p T'  v' 

REPRESENTATIVE 
FLIGHT  MACH 
AND  REYNOLDS  NO. 

HIGHER  ORDER 

HIGHER  ORDER 
MODELING 

Cf.  CH.  PW,  T.  u.  y,  w.  q,,  ’ 

p v'  o',  p T v' 

. , . — ^ui 

u . ¥ , Mr . q,  v q,  — 

REPRESENTATIVE 
FLIGHT  MACH 
AND  REYNOLDS  NO 

u 


REYNOLDS  NUMBER,  Re 
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THE  IMPORTANCE  OF  EXPERIMENT ALLY -DETERMINED  CLOSURE 
CONDITIONS  IN  TRANSONIC  BLADE-TO-BLADE  FLOWS 
CALCULATED  BY  A TIME-DEPENDENT  TECHNIQUE 

by  M.  Couston 


ABSTRACT 


The  use  of  a time-dependent  technique  to  determine  inviscid  blade-tc-blade  flow  in 
the  transonic  regime  for  axial  turbomachines  is  faced  with  the  problem  of  closure  condi- 
tions. The  importance  of  a Kutta  condition  in  subsonic  flow  calculations  is  well  known 
but  for  transonic  blades  the  problem  is  still  more  complex.  The  quas i -d i scont i nuous 
character  of  the  flow  through  shock  waves  and  Prandtl -Meyer  expansions  is  then  super- 
imposed on  the  viscous  effects  which  dominate  near  the  trailing  edge.  In  order  to  get 
more  detailed  information  about  the  importance  of  this  problem,  a comparison  between 
detailed  measurements  and  calculations  is  presented  herein.  The  calculations  were  perfor- 
med for  several  trailing  edge  flow  approximations  including  experimentally  determined 
conditions , 


RESUME 


La  solution  num&rique  de  I'&coulement  non  visqueux  au  travers  d'aubages  transsoni- 
ques  utilises  dans  les  turbines  axiales  3 1 'aide  d'une  methode  instationnaire  est  liee  au 
problgme  des  conditions  de  cloture  au  bord  de  fuite.  L'importance  d'une  condition  de 
Kutta  en  regime  soussonique  est  bien  connue,  toutefois,  dans  le  cas  d'aubages  transsoni- 
ques,  le  probl&me  est  encore  plus  complexe.  Le  caractSre  quasiement  discontinu  de  1'ecou- 
lement  au  travers  des  ondes  de  choc  et  des  expensions  se  superpose  dans  ce  cas  au  prob1£me 
visqueux  qui  rfegit  l'Scoulement  autour  du  bord  de  fuite.  Dans  le  but  d'avoir  plus 
d ' 1 nf ormati ons  sur  l'importance  de  ce  problSme,  une  comparaison  entre  des  mesures  detail- 
lfies  et  des  calculs  est  pr&sentSe  ici.  Les  calculs  ont  ete  faits  en  utilisant  plusieurs 
approximations  pour  l'fecoulement  autour  du  bord  de  fuite  ainsi  que  des  conditions 
determines  exp§rimentalement. 
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I.  INTRODUCTION 


The  problem  of  trailing  edge  flow  conditions  is  very  important  for  most  of  the 
calculations  procedures.  A lot  of  work  has  already  been  done  for  isolated  airfoil  or 
cascade  flow  operating  in  the  subsonic  range  and  the  basic  Kutta  |1|  - Joukowsky  |2| 
condition  has  been  i nterpretated  in  various  manners.  A review  of  such  interpretations 
is  presented  by  Gostelow  | 3 | who  shows  the  wide  scatter  between  the  various  models  pre- 
sented. However,  for  transonic  turbine  blades,  the  problem  appears  to  be  different  and 
if  the  transonic  trailing  edge  flow  has  been  studied  experimentally  by  Sieverding  and 
al  1 4 , 5 1 and  Amana  O.M.  and  al  |6|,  little  is  known  about  such  conditions  for  transonic 
turbine  flow  calculations.  The  main  reason  for  this  is  linked  to  the  fact  that  transonic 
methods  are  not  so  developed  as  subsonic  ones.  The  author  developed  at  the  von  Karman 
Institute  a transonic  calculation  procedure  starting  basically  from  the  "Finite  Area 
Method"  proposed  by  Mac  Donald  P.W.  |7|.  Some  improvements  of  the  t?sic  method  are  shown 
in  references  8 and  9. 

The  present  study  is  a tentative  answer  to  questions  which  did  arise  with  respect 
to  the  treatment  of  the  trailing  edge  flow.  In  fact,  the  paper  will  in  particular  discuss 
the  validity  of  the  generally  made  assumption  that  the  shock  strength  and  flow  direction 
are  a strong  function  of  the  base  pressure  region  and  that  a small  error  in  this  region 
will  introduce  a wide  discrepancy  between  measurements  and  calculations. 

As  the  transonic  trailing  edge  flow  is  under  experimental  study  at  the  von  Karman 
Institute,  references  4,5,11,  it  was  possible  to  make  carefull  experimental  investigations 
of  both  shock  strength  and  flow  direction  and  to  compare  these  with  the  time  dependent 
solution. 


II.  THE  TRANSONIC  NUMER’CAL  PROCEDURE 

2.1.  Basic  Principle 

The  transonic  calculation  procedure  used  in  this  paper  has  first  been  suggested 
by  Mac  Donald  |7|.  This  method  follows  the  time  dependent  approach  to  overcome  the  basic 
difficulty  of  the  mixed  character  of  the  flow  equations  in  the  transonic  regime.  The 
transient  equations  are  of  nyperbolic  type  whatever  the  Mach  number  is.  But  the  numerical 
representation  of  the  transient  equations  is  done  in  an  integral  form  applied  to  the 
conservation  equations  rather  than  using  the  usual  finite  difference  technique.  The 
advantages  of  this  technique  are  described  in  more  details  in  references  8 and  9.  An 
important  difference  of  the  present  method  with  respect  to  the  one  of  reference  7 is  the 
retention  of  the  energy  equation  to  avoid  the  hypothesis  of  isentropic  flow.  Such  an 
hypothesis  can  lead  to  significant  errors  because  the  shock  losses  can  be  several  times 
greater  than  the  friction  losses  as  shown  by  Meyer  |10|,  and  there  is  no  reason  to 
neglect  such  losses.  The  basic  volume  elements  used  to  solve  the  problem  are  presented 
in  Fig.l.  These  elements  of  height  h are  six-sided  and  surround  an  interior  point.  For 
each  of  these  elements,  the  four  basic  transient  conservation  equations  are  applied  in 
the  following  manner  : 


Mass 


»£.+  !_ 
at  dV 


(Tpu+jpv).hdt=0 


(s) 


x Momentum 


3 pu  1 


(T  (p+pu2)  + j (puv)).h  d T = 0 


(s) 


- y Momentum 


iEl  + I_ 

at  dV 


(t  (puv)  + j ( p+p v 2 ) ) . h d T = 0 


(s) 


- Energy 


i£  + i- 

at  dV 


(t  (e+p)  u+j  (e+p)v).h  d t = 0 


(s) 


where  the  internal  total  energy  e is  : 


e = — — + - p ( u 2 + v 2 ) 
Y - 1 2 


(1) 


(2) 


(3) 


(4) 


(5) 


To  evaluate  the  integrals,  linear  variations  are  assumed  between  the  nodal 
points  such  that  the  integrals  ( J ) can  simply  be  replaced  by  the  sums  ( I ) over  the 
sides  of  the  volume  element.  The  time  derivative  is  written  as  an  upward  derivative 
and  is  then  used  to  update  the  solution  through  ar  iterative  procedure.  Stability, 
accuracy  and  convergence  speed  of  this  procedure  are  not  of  interest  here  and  have 
already  been  treated  previously  in  references  8 and  9. 

Neverthelss,  one  of  the  main  advantages  of  the  method  with  respect  to  a finite 
difference  technique  lies  in  the  fact  that  both  physical  and  calculation  plane  are 
identical  and  so  it  is  possible  to  have  a direct  sight  into  the  calculation  to  applied 
experimental  evidence. 


2.2.  Boundary  Conditions 
U9§iCe§I33_boundary 

At  the  upstream  boundary  all  variables  are  assumed  to  be  uniform  ; stagnation, 
pressure  and  density  to  be  known  and  flow  direction  given.  The  static  value  of  pressure 
and  density  and  the  velocity  components  are  calculated  to  satisfy  the  continuity. 
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At  the  downstream  boundary  only  one  condition  has  to  be  retained.  So  the 
pressure  is  assumed  uniform  and  constant  throughout  the  iterative  procedure. 

P?Ci2dic_ boundary 

The  periodic  boundary  does  not  introduce  any  difficulty.  Considering  Fig.l, 
it  is  clear  that  the  use  of  such  mesh  allows  to  treat  periodic  points  as  interior 
points. 

WaH_boundary 

The  wall  boundary  is  calculated  using  a half-sided  element  as  shown  in  Fig.l. 
This  half-sided  element  is  used  to  update  the  values  of  mass,  momentum  and  energy, 
using  equations  (1)  to  (4).  Here  lies  a fundamental  difference  with  traditional 
methods  in  as  far  as  no  explicit  tangency  flow  condition  is  applied  at  the  wall.  This 
will  be  used  in  the  base  region  to  calculate  the  pseudo-separation  point.  However, 
there  is  an  equivalent  tangency  flow  condition  in  the  sense  that  mass  and  energy  flow 
through  the  wall  are  explicitely  set  to  zero.  In  such  a way,  the  tangency  condition  is 
a result  of  the  calculation. 


III.  THE  TRAILING  EDGE  FLOW  CONDITIONS 

3.1.  Experimental  Base  Flow  Survey 

Reference  11  provided  the  author  with  the  experimental  background  of  the  base 
region  problem.  The  detailed  investigation  of  the  flow  through  a turbine  cascade  as 
shown  in  Fig. 2 is  limited  by  the  size  of  the  cascade  assembly.  Hence,  in  order  to 
obtain  detailed  data  in  the  trailing  edge  region  a model  was  developed  at  VKI  which 
simulates  the  overhang  section  of  a convergent  cascade  (as  the  one  illustrated  in 
Fig. 2).  A shadowgraph  view  of  the  flow  around  such  enlarged  model  is  shown  in  Fig. 3. 
Here  the  principal  flow  features  are  clearly  seen  : 

- the  dead  air  region 

- the  two  separation  lines 

- the  two  lip  shocks  (or  separation  shocks) 

- the  reattachment  point  (or  zone) 

- the  two  trailing  edge  shocks  originating  in  the  reattachment  zone 

In  Fig. 4,  detailed  pressure  measurements  around  the  model  trailing  edge  are 
reported.  This  figure  provided  the  following  information  : the  pressure  in  the  dead 
air  region  is  constant,  and  the  strength  of  the  lip  shock  (introduced  by  the  presence 
of  a boundary  layer  in  the  real  flow)  is  negligible  with  respect  to  the  one  of  the 
trailing  edge  shocks. 

In  fact  based  on  Fig. 4,  it  is  easy  to  show  here  that  a condition  like  proposed 
by  Wilkinson  (Reference  12)  of  equal  velocity  on  both  side  of  the  blade  just  before  the 
trailing  edge  radius  is  in  this  particular  case  completely  in  contradiction  with  the 
real  flow  picture.  Here  Prandtl -Meyer  expansions  Introduce  almost  a discontinuous 


character  of  the  flow  in  this  region. 


Moreover  it  can  be  seen  in  Figs. 3 and  4 that  the  separation  is  close  to  the 
beginning  of  the  trailing  edge  radius.  So  the  flow  around  a truncated  trailing  edge 
with  the  same  width  will  not  be  essentially  different  at  the  scale  of  the  cascade. 


3.2.  The  Numerical  Trailing  Edge  Approximation 

At  this  point  several  ways  can  be  taken  to  approach  the  numerical  problem  of 
the  trailing  edge  flow. 

The  first  hypothesis  is  to  transform  the  trailing  edge  of  the  blade  in  a 
manner  presented  in  Fig. 5a.  In  this  case,  two  possibilities  exist  : 

- either  the  pseudo-base-region  defined  in  this  manner  is  fixed  during  the 
calculation  and  then  large  error  can  be  expected,  if  the  correct  base  flow  has  not 
been  selected,  because  the  Prandtl -Meyer  expansion  will  be  limited  by  the  wedge  and 
not  by  the  downstream  pressure. 

- or  the  base  flow  is  updated  at  each  iteration  using  a method  like  the  one 
of  references  13  and  14.  This  is  probably  the  most  suitable  procedure  but  as  shown 

in  Fig. 5b,  the  reattachment  point  will  move  from  R1  to  R2  and  the  mesh  will  have  to  be 
adapted  after  each  updating  of  the  base  region.  The  calculations  of  both  the  base 
flow  pattern  and  new  mesh  will  introduce  additional  load  in  computer  time  and  will 
make  the  numerical  procedure  less  flexible. 

The  second  way  (the  one  the  author  has  preferred)  is  presented  in  Fig. 5c.  The 
trailing  edge  is  truncated^  points  A and  B are  assumed  to  be  the  separation  point  of 
the  flow.  The  direction  of  the  flow  in  these  two  points  is  free, this  means  that  the 
flow  takes  a direction  which  satisfies  the  two  momentum  equations  and  not  a direction 
imposed  by  external  consideration.  The  location  of  the  two  separation  points,  as 
shown  in  Figs. 3 and  4,  is  not  very  affected  by  the  change  in  the  base  pressure  value 
and  can  therefore  be  set  a priori  almost  accurately.  The  next  question  is  then  what 
pressure  has  to  be  applied  to  the  trailing  edge  between  A and  B.  It  appears  to  be  a 
reasonable  assumption  that  this  pressure  will  set  the  trailing  edge  shock  strength. 

The  author  has  followed  also  here  the  usual  assumption  in  the  numerical  procedure  of 
a linear  variation  of  quantities  between  points.  Hence,  the  pressure  at  the  trailing 
edge  is  the  average  of  the  pressures  at  points  A and  B. 

One  has  to  remember  also  that  the  flow  in  this  region  is  very  complicated  and 
that  it  is  not  possible  with  a mesh  like  the  one  presented  in  Fig. 5c  to  represent  all 
the  phenomenon  correctly.  So  the  trailing  edge  flow  will  be  only  an  approximation  of 
the  real  flow. 


IV.  CALCULATED  RESULTS 


4.1.  Blade  Definition 

Two  rotor  blades  with  inlet  angle  of  60°  and  design  outlet  angle  of  25°  were 
selected  for  this  investigation,  they  are  called  MIT-VKI  I and  II  and  are  taken  from 
reference  5.  The  very  dense  instrumentation  of  the  blade  allows  an  accurate  determina- 
tion of  the  shock  strength.  Moreover  the  major  difference  between  these  two  blades 
was  the  trailing  edge  thickness  and  so  an  other  important  parameter  was  present  in  the 
comparison.  In  fact,  MIT-VKI  I has  a trailing  edge  two  times  thicker  than  the  one  of 
the  MIT-VKI  II  blade  presented  in  Fig. 2. 

Detailed  coordinates  as  well  as  velocity  distributions  are  presented  in  refer- 
ence 5 for  these  two  blades.  Therefore,  only  the  main  blades  and  cascades  geometry  are 
reported  here  : 


Si 

®2 

9/c 

TE/c 

TE  * 

TE/o 

MIT-VKI  I 

60° 

25° 

0.75 

0.04 

0° 

0.145 

MIT-VKI  II 

60° 

25° 

0.75 

0.02 

0° 

0.075 

The  time-dependent  program  was  applied  to  these  two  blades  with  a mesh  using 
approximately  one  thousand  nodal  points  (with  56  points  on  the  blade  surface).  Fig. 6 
presents  the  calculation  points  on  the  blade  surface  near  the  trailing  edge  region. 

Two  samples  of  calculations  are  compared  with  experimental  results  in  Fig. 7. 
The  comparison  is  only  shown  for  one  back  pressure  for  both  profiles  to  give  an  idea 
of  the  left  running  trailing  edge  shock  definition.  For  this  particular  back  pressure 
the  left  running  trailing  edge  shock  impinges  at  approximately  55%  of  the  chord.  But 
one  can  see  ahead  of  this  shock,  between  x/c=0.25  and  0.35,  a velocity  peak  and  a sub- 
sequent recompression  which  is  better  defined  in  the  experimental  results.  This 
recompression  is  also  seen  on  the  schlieren  picture  presented  in  Fig. 2.  It  is  clear 
that  this  has  nothing  to  do  with  the  left  running  trailing  edge  shock.  A detailed 
investigation  of  the  manufactured  blades  has  shown  that  there  are  here  some  "knobs" 
which  were  not  expected.  As  in  this  region  no  shock  was  expected,  only  a relative 
coarse  mesh  was  used,  which  explains  why  the  method  does  not  predict  correctly  this 
recompression. 


4.2.  Calculated  versus  Measured  Trailing  Edge  Conditions 

As  already  explained  before,  the  trailing  edge  was  truncated  as  shown  in  Fig. 6. 
The  points  A and  B are  approximate  separation  points  and  the  dotted-line  represents  the 
real  trailing  edge  shape. 

The  pressure  applied  between  points  A and  B for  calculation  purpose  should 
represent  the  base  pressure  value  P^.  This  value  of  Pb  can  be  expected  to  influence 
the  calculated  flow  pattern.  Hence  Fig. 6 presents  a comparison  of  the  measured  pressure 
in  the  base  flow  region  with  the  numerical  one  for  both  blades.  Solid  symbols  correspond 
to  the  measurements  and  open  symbols  to  the  calculation.  In  order  to  check  the  influence 
of  a change  of  the  base  pressure  value,  several  test  cases  were  calculated  with  different 
values  of  Pb. 
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Instead  of 

p . P.LA).P(.B)  (6) 

b 2 

which  was  the  usual  value, 

Pb  = P(B)  (7) 

was  used,  and  these  cases  correspond  to  the  symbols  (rj  gf  in  Figs. 8 to  10.  However, 
it  is  clear  that  P(B)  is  not  the  same  in  equations  (6)  and  (7)  because  the  flow  adapts 
itself  locally  due  to  the  change  in  pressure.  The  adaptation  of  the  pressure  in  this 
region  when  a change  is  made  of  the  calculation  of  Pb  is  shown  by  the  following  example. 
Using  equation  (6)  for  blade  I and  for  M2  ^ =1.20+,  the  isentropic  Mach  number  at  point 
B was  1.40,  using  equation  (7)  the  isentropic  Mach  number  is  then  1.52  and  the  flow 
direction  changes  by  approximately  3°.  One  can  see  in  Fig. 6 that  for  the  thin  trailing 
edge  the  value  obtained  by  equation  (6)  is  in  very  good  agreement  with  the  measured  one, 
but  for  the  thick  trailing  edge  such  an  agreement  is  not  obtained.  This  discrepancy  is 
easily  understood  looking  at  Fig. 6 where  point  A is  already  located  on  the  trailing  edge 
radius  and  so  the  pressure  obtained  using  (6)  is  too  low.  This  corresponds  to  a situa- 
tion where  the  pseudo  separation  point  A is  not  correctly  set  and  corresponds  to  a too 
large  expansion.  In  fact  if  the  pseudo-base  pressure  has  the  importance  expected  it  is 
evident  that  for  VKI-MIT  I blade  the  calculated  strength  should  be  quite  different  than 
the  measured  one  due  to  the  observed  discrepancy. 

4.3.  Shock  Strength 

To  evaluate  the  possible  effect  of  the  base  pressure  on  the  shock  strength,  the 
right  running  trailing  edge  shock  was  selected.  This  choice  is  made  because  the  right 
running  shock  strength  affects  the  suction  side  boundary  layer  and  is  therefore  of  primary 
importance  for  the  blade  performance.  In  any  case,  the  right  running  shock  is  the  only 
which  can  be  measured  accurately.  However,  if  there  is  any  influence  of  the  base  pressure 
value,  the  strength  of  both  shocks  will  be  affected. 

To  characterize  the  shock  strength  the  Mach  numbers  just  ahead  and  just  after 
the  shock  have  been  plotted  in  Fig. 9 versus  the  downstream  isentropic  Mach  number  M2-s. 

The  symbols  to  differentiate  experiments  and  calculations  are  consistent  with  the  one 
of  Fig. 8.  From  Fig. 9,  it  seems  that  the  measured  shock  strengths  of  blades  I and  II  are 
nearly  identical  in  the  range  of  outlet  Mach  numbers  under  consideration.  For  higher 
exit  Mach  number  it  should  be  pointed  out  that  the  measurements  indicate  a shock  slightly 
stronger  for  blade  I than  for  blade  II.  The  predicted  shock  intensity  agrees  quite  well 
with  the  measured  values,  however,  contrary  to  the  experiments  the  theoretical  calcula- 
tion already  indicates  slightly  stronger  shocks  for  the  blade  with  the  thick  trailing 
edge-.  The  fact  already  mentionned  before  that  for  the  VKI-MIT  I blade,  the  pseudo- 
separation point  A is  probably  not  the  real  one,  does  not  at  all  affect  the  right  running 
trailing  edge  shock  strength  which  appears  to  be  correctly  predicted.  Nevertheless  the 


+ 


The  isentropic  Mach  number  is  derived  from  the  ratio  of  the  local  static  pressure 
to  total  inlet  pressure. 
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Mach  number  behind  the  shock  seems  to  be  better  predicted  than  the  one  ahead  of  it.  This 
is  attributed  to  the  fact  that  the  Mach  number  is  almost  constant  after  the  shock  and 
therefore  better  defined. 


The  variation  of  the  base  pressure  itself,  already  shown  in  Fig. 8,  does  not 
change  in  a noticeable  manner  the  calculated  shock  strengths.  The  small  difference  which 
can  be  observed  between  q and  or  q and  qf  for  a same  back  pressure  is  intro- 
duced by  the  author  to  differentiate  the  calculations.  This  apparently  indicates  that 
for  the  present  method  the  base  pressure  is  not  as  important  as  expected.  Nevertheless, 
one  should  not  conclude  that  there  is  no  influence  at  all,  but  rather  that  the  importance 
of  Pb  introduced  in  the  program  has  only  a local  influence  on  the  channel  Mach  number. 


The  next  step  is  to  check  a possible  influence  of  a base  pressure  variation  on 
the  outlet  flow  direction. 


; 


4.4.  Flow  Direction 

Another  important  parameter  for  cascade  turbine  flow  is  the  exit  flow  direction 
which  has  been  measured  at  the  von  Karman  Institute  (reference  11)  for  both  tne  blades 
presented  herein.  A comparison  is  shown  in  Fig. 10  between  the  measured  and  calculated 
outlet  angle  &2  (referred  to  the  tangential  direction),  for  blades  I and  II.  Here  also 
the  agreement  is  reasonably  good  for  both  blades.  The  difference  between  calculated  and 
measured  value  dees  not  exceed  1.5°  for  MIT-VKI  I and  something  like  0.5°  for  MIT-VKI  II. 

For  comparison  purpose,  the  value  arc  sin  o/g  (known  as  sinus-rule)  has  been 
added  as  dotted  line.  It  has  been  shown  in  reference  15  that  this  value  agrees  very 
closely  with  the  outlet  flow  angle  for  M2=1.0  and  zero  trailing  edge  thickness. 

It  is  therefore  not  surprising  that  the  agreement  is  better  for  MIT-VKI  II  which  has  the 
smaller  trailing  edge  thickness.  The  solid  line  corresponds  to  a semi -empi ri cal  correc- 
tion of  the  preceeding  rule,  proposed  by  Bammert  and  Sonnenschein  (reference  16),  which 
takes  into  account  the  trailing  edge  thickness.  This  modified  sin-rule  improved  the 
comparison  especially  for  blade  I. 

The  variation  of  the  base  pressure  applied  in  the  calculation  is  almost  without 
influence  on  the  outlet  flow  direction  as  shown  in  the  Fig. 10.  So,  if  the  exit  flow 
direction  appears  to  be  practically  not  influenced  by  the  base  pressure  value  in  the 
range  investigated,  the  reason  for  the  better  predicted  values  for  V K I -MIT  II  has  to 
be  searched  perhaps  in  the  fact  that  viscous  phenomenon  are  less  important  for  a thin 
trailing  edge  than  for  a thick  one. 

A simple  example  in  Fig. 11  demonstrates  the  absolute  independance  of  the  flow 
angle  from  the  base  pressure  for  a wedged  trailing  edge.  It  is  assumed  that  the  Mach 
number  on  one  side  of  the  trailing  edge  is  unity  and  on  the  other  side  1.5  a variation 
of  the  base  pressure  from  M=1.5  to  3.0  shows  a large  displacement  of  the  confluence 
point  but  not  of  the  overall  direction. 
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V.  CONCLUSIONS 

This  study  was  stimulated  by  the  analysis  of  the  experimental  results  concerning 
the  trailing  edge  flow  in  transonic  turbine  cascades.  A theoretical  investigation  has 
been  undertaken  in  order  to  clarify  the  importance  of  the  correct  formulation  of  the 
trailing  edge  flow. 

Rather  than  going  to  the  complex  calculation  of  the  base  flow  region,  pseudo- 
separation points  are  assumed.  This  has  the  advantage  of  avoiding  to  define  a variable 
dead-air  region  which  will  introduce  additional  calculations  and  make  the  program  less 
flexible. 

Herein,  it  has  been  shown  that  the  present  method  is  not  sensitive  to  the  way 
in  which  the  trailing  edge  region  is  treated.  It  is  demonstrated  that  both  the  trail- 
ing edge  shock  strength  and  the  exit  flow  direction  are  not  strong  functions  of  the  base 
pressure.  In  fact  the  influence  is  limited  to  a small  region  around  the  trailing  edge 
and  does  not  affect  the  overall  calculated  performances.  However,  it  is  evident  that 
this  procedure  will  probably  fail  if  too  thick  trailing  edges  are  used  because  in  this 
case  a large  region  is  affected  by  the  viscous  flow.  Then  it  will  probably  soon  be 
necessary  to  have  a base  pressure  and  dead  air  region  calculation  to  separate  the 
inviscid  region  from  the  viscous  one.  However,  for  turbine  calculations  purposes,  a 
trailing  edge  thickness  to  chord  ratio  of  4%  (the  one  of  MIT-VKI  I)  lies  in  the  upper 
limit  of  trailing  edge  thickness.  For  most  of  the  cases  the  present  method  is  then 
sufficient. 

Of  course  improvements  of  the  present  method  of  treating  the  trailing  edge  flow 
are  probably  still  possible,  but  the  author  believe  that  such  improvements  will  probably 
be,  for  most  cases,  not  appreciable.  This  remark  is  based  on  the  experience  which  the 
author  gathered  with  his  method  in  the  calculation  of  a large  number  of  very  different 
turbine  blade  profiles  over  a wide  range  of  Mach  number.  Reference  9 demonstrates  with 
a few  examples  the  good  agreement  between  theoretical  and  experimental  results. 
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Schlieren  picture  of  flow  pattern  in  the  transonic  regime  (M2  jS  ~ 1-2)  for  MIT-VK1  11  blade. 
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NUMERICAL  SIMULATION  OF  THREEDIMENSIONAL  TRANSONIC  FLOW 
INCLUDING  WIND  TUNNEL  WALL  EFFECTS  * 


W,  SCHMIDT,  H.-W.  STOCK,  W.  FRITZ 


DORNIER  GMBH 

THEORETICAL  AERODYNAMICS  GROUP 
D-7990  FRIEDRICHSHAFEN,  GERMANY 


SUMMARY 


This  paper  presents  the  numerical  methods  and  their  practical  implementation  to  compute  steady  transonic 
flow  fields  about  wings  and  wing-body  combinations  in  transonic  flow  including  viscous  effects  as  well  as 
wind  tunnel  wall  effects. 

The  transonic  small  disturbance  potential  equation  is  solved  by  a mixed  finite  difference  scheme  as  known 
from  previous  publications.  Wind  tunnel  wall  boundary  conditions  are  incorporated  in  the  relaxation  proce- 
dure by  use  of  the  classical  wall  condition  equations. 

The  threedimensional  boundary  layer  equation  is  solved  by  an  integral  prediction  method.  Solving  potential 
equation  and  boundary  layer  equation  iteratively,  viscous  effects  are  accounted  for  by  means  of  the  dis- 
placement thickness  concept. 

Results  showing  the  influence  of  Reynolds-number  and  Mach-number  on  pressure  distribution  and  shock  posi- 
tion are  shown.  The  influence  of  the  wall  conditions  compare d with  the  numerical  free  flight  results  are 
shown  as  well  as  some  results  showing  the  necessary  wall  contouring,  resp.  porosity  parameter  distribution 
to  adjust  tne  windtunnel  to  free  flight  conditions. 


RESUME 


Ce  travail  presente  les  methodes  numeriques  et  leur  introduction  pratique  pour  le  calcul  des  ecoulements 
transoniques  stationnaires  autour  d'ailes  et  de  combinations  aile-fuselage  en  transonique  y compris  les 
effets  visqueux  et  les  effets  de  parois  en  soufflerie. 

L'equation  potentielle  transonique  aux  petites  perturbations  est  resolue  par  un  schema  mixte  de  differences 
finies  qui  est  connu  par  des  publications  precedentes.  Les  conditions  de  parois  er,  soufflerie  sont  intro- 
duces dans  le  procede  de  relaxation  par  les  equations  classiques  de  condition  de  parois. 

L'equation  tridimensionelle  de  la  couche  limite  est  resolue  par  une  methode  integrale  de  prediction.  En 
resolvant  l’equation  potentielle  et  celle  de  la  couche  limite  iterativement,  les  effets  visqueux  sont  pris 
en  consideration  au  moyen  du  concept  d'epaisseur  de  deplacement.  Des  resultats  presentes  montrent  V in- 
fluence des  nombres  de  Reynolds  et  de  Mach  sur  la  distribution  de  pression  et  la  position  du  choc.  L' in- 
fluence des  conditions  de  parois  est  comparbe  avec  les  resultats  numeriques  du  vol  libre  et  d'autres  rbsul- 
tats  montrent  la  forme  nbcessaire  des  parois  ou  la  distribution  du  parametre  de  porosite  pour  rbgler  la 
soufflerie  selon  les  conditions  du  vol  libre. 


This  work  was  sponsored  by  the  German  Ministry  of  Defense  under  ZTL  contract  T/R  720/R  7600/42009  and 
RuFo  4 contract  T/RF  41/RF  410/51  154 
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1.  INTRODUCTION 

Aerodynamicists  are  confronted  with  the  problem  of  designing  more  and  more  efficient  aircraft  as  well  for 
transport  as  combat  purposes.  Part  of  such  design  work  is  done  on  computers  by  flow  computations  usinq  nume- 
rical methods,  part  by  wind  tunnel  testing.  Figure  1 illustrates  these  two  tasks  to  simulate  the  behaviour  of 
a full  scale  aircraft  in  free  flight. 

The  wind  tunnel  testing  provides  us  with  the  complete  physics  although  due  to  limited  tunnel  size  and  thus 
lower  Reynolds-number,  finite  distance  walls,  free  stream  turbulence,  noise,  these  physics  can  differ  signi- 
ficantly from  the  required.  While  the  error  sources  model  shape  and  test  equipment  can  be  kept  very  small 
in  general,  those  scaling  effects  form  the  basic  limitations  for  the  accuracy  of  wind  tunnel  results. 

In  contrast,  numerical  methods  represent  only  physical  models  which  are  part  of  the  full  physics.  Additio- 
nal sources  of  errors  are  included  by  the  use  of  mathematical  models  and  special  numerical  procedures  as 
well  as  by  the  numerical  discretization  of  the  aircraft  in  the  computer. 

It  should  always  be  kept  in  mind  that  comparing  wind  tunnel  results  and  computed  flow  fields  the  errors  of 
both'sides  will  be  included,  unless  either  the  wind  tunnel  test  itself  is  simulated  or  both  results  are 
compared  with  free  flight  data. 

At  the  present  time  there  is  no  aim  to  replace  the  wind  tunnel  but  to  use  numerical  methods  to 
o reduce  total  wind  tunnel  running  time 

by  providing  better  design.  Numerical  methods  are  well  suited  to  show  the  influences  of  different  configura- 
tion parameters  because  computations  can  be  done  very  fast  and  unexpensive  compared  with  wind  tunnel  tests. 
Furthermore  numerical  methods  can  be  used  to 

o correct  for  unadequate  wind  tunnel  walls  effects 

by  either  computing  the  wall  effects  and  thus  correcting  the  flow  field  or  by  adjusting  the  wind  tunnel 
wa’ls  to  give  the  same  conditions  along  the  wall  as  along  the  corresponding  streamline  at  free  flight  con- 
ditions. Boundary  layer  methods  can  be  used  to  show  the  influence  of  the  different  Reynolds  numbers  at  free 
flight  and  in  the  wind  tunnel,  i.e. 

o extrapolate  viscous  effects  to  free  flight  Reynolds  number. 

On  the  other  hand  computational  fluid  mechanics  suffer  from  the  lack  of  good  experimental  data  to 

o improve  physical  models 
o have  reliable  data  to  compare  with. 

The  present  paper  particularly  shall  give  some  ideas  of  the  use  of  a threedimensional  transonic  potential 
flow  method  and  a boundary  layer  method  to 

o simulate  viscous  effects  on  threedimensional  wings 
o simulate  wind  tunnel  wall  boundary  conditions 

o adjust  wind  tunnel  wall  conditions  to  simulate  free  flight  conditions. 

The  last  item  especially  is  of  some  interest  because  of  the  possibility  to  estimate  the  efforts  we  have 
to  undertake  to  simulate  free  flight  conditions  in  a wind  tunnel.  Time  optimal  iteration  procedures  for 
wall  adjusting  can  be  established  by  numerical  simulation. 

The  computational  methods  used  will  be 

o TSP  transonic  relaxation  method 
o classical  wind  tunnel  wall  conditions 
o boundary  layer  integral  method. 


2.  TRANSONIC  SMALL  PERTURBATION  POTENTIAL  FLOW  METHOD 

The  threedimensional  relaxation  method  used  is  well  known  from  previous  publications  [1],  [2],  [3].  Similar 
to  tne  methods  of  Bailey  [4],  Albone  [5]  and  v.d.  Vooren  [6]  the  TSP  equation  is  solved  by  means  of  Murman's 
finite  difference  scheme  and  his  line  relaxation  algorithm.  In  contrast  to  the  others  no  transformation  is 
used  and  the  modified  small  perturbation  equation  is  solved  in  the  threedimensional  cartesian  coordinate 
system.  To  get  unique  results  a fully  conservative  scheme  is  used  including  Murman's  snock  point  operator. 

The  wing  boundary  conditions  are  linearized  while  on  bodies  exact  boundary  conditions  are  fulfilled.  A 
straight  wake  is  assumed  to  leave  the  wing  trailing  edge  in  the  wing  mean  plane  z = o with  jumps  in  the 
potential  equal  to  the  local  section  circulation  T (y). 

Similar  to  Bailey's  method  farfield  solutions  on  finite  boundaries  are  used,  i.e.  solution  of  Laplace-equa- 
tion  ?t  x = ! »,  and  either  Klunker's  expression  [7]  for  the  potential  or  normal  velocity  components  calcu- 
lated by  means  of  a vortex  lattice  method  [8]  along  the  planes  z = ± <»  and  y = + «°.  The  figure  2 gives  a 
schematic  view  of  the  grid  arrangement. 

Finally,  ore  sures  are  calculated  from  the  first  or  second  order  isentropic  equation. 
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One  great  advantage  of  the  present  method  is  its  flexibility  in  treating  as  well  analysis  as  design  or 
mixed  problems.  Figure  3 shows  the  basic  arrangement  of  the  computer  program  which  allows  calculations  by 
interactive  means. 


WIND  TUNNEL  WALL  BOUNDARY  CONDITIONS 


The  equation  derived  by  Baldwin,  Turner,  and  Knechtel  [9]  is  used  to  model  a longitudinally  slotted  per- 
forated wind  tunnel  wall.  Their  derivation  assumes  that  both  the  slot  flow  velocities  and  the  perturbations 
from  the  mean  flow  are  small  compared  to  the  undisturbed  tunnel  velocity.  The  pressure  is  constant  across 
the  open  portions  and  the  slot  spacing  is  small  compared  to  the  tunnel  dimensions.  In  addition  it  is  assumed 

that  the  plenum  pressure  equals  the  undisturbed  free  stream  pressure  and  the  walls  are  taken  to  be  straight 

and  parallel  with  constant  width  slots. 

Relating  the  pressure  drop  at  the  wall  ( Cp  = - 2 <j>x)  to  the  local  flow  inclination  (<pn ) and  the  longitudi- 
nal gradient  of  the  flow  inclination  (<t>xn 3 the  wall  boundary  condition  reads 


A *x  + 8H  *xn  + C ^n  = 0 


at  n = + H 


Adding  one  inhomogeneous  term  to  account  for  contoured  walls  finally  the  equation  used  in  the  present  pa- 
per is 

A $x  + BH  <(>xn  + C + D = 0 (2) 

The  three  dimensionality  of  the  flow  at  the  wall  is  replaced  by  a relationship  between  two-dimensional  velo- 
city components  and  geometric  p?r?.meters.  No  explicit  account  is  taken  of  the  tunnel  boundary  layers,  al- 
though some  of  these  effects  may  implicitly  be  included  in  determining  P.  Equation  (2)  contains  the  boun- 
dary conditions  for  different  tunnel  walls  as  limiting  forms,  i.e. 


straight  solid:  A = B = D = 0,  C/0,  4>n  = 0 

contoured  solid:  A * B = 0,  - D/C  = wall  slope,  4>n  = - D/C 

free  jet:  B = C = D = 0,  A/0,  4>x  = 0 

ideal  slotted:  C = D = 0,  B/A  = slot  parameter,  <|>x  + B/A  + $xn  = 0 

porous  or  perforated:  B = D * 0,  A/C  = porosity  parameter,  A/C  4>x  + <t>n  = 0 

Several  recent  papers  have  included  tunnel  wall  boundary  conditions  in  nonlinear  transonic  relaxation  proce- 
dures for  two  dimensional  [10,  11]  and  axisymmetric  problems  [12,  13].  Newman  and  Klunker  [14]  show  three- 
dimensional  results  for  a rectangular  wing  with  tunnel  walls.  The  present  paper  is  using  a numerical  scheme 
similar  to  that  used  by  Murman  [10]  but  having  the  wall  conditions  included  in  the  line  relaxation.  To 
guarantee  better  convergence  different  schemes  are  used  for  the  different  conditions. 

The  wall  conditions  enter  the  transonic  potential  equation  via  the  derivatives  <J>ZZ  at  the  upper  and  lower 
wall  and  at  the  side  wall.  The  following  difference  formulas  show  the  wall  expressions  used  for  4>zz 
at  the  upper  wall  depending  upon  the  wall  conditions. 

Scheme  for  solid , ideal  slotted,  slightly  porous  walls 

The  wall  plane  z = z (JMP)  is  included  in  the  relaxation  procedure.  The  second  derivative  d>zz  is  built 
using  the  potential  at  the  points  JMP  - 1,  JMP  and  the  first  derivative  <J2  at  the  point  JMP. 


£I,JMP,K 


.n+1  ,n+l 

*1  ,JMP ,K  ~ H.JMP-l.K, 


£i,jmp,k 


<p  being  estimated  from  the  wall  conditions 


solid  wall: 


‘I.JPM.K 


ideal  slotted: 


.n+1  n+1  1 , n+1  n+1  , 

VjMP.K  = S.JMP.K  ' m ^I.JMP.K  " '•’l.JMP.K1 


slightly  porous  P < P»:  <(>, 


.n+1  n+1 

n / I,JMP,K  * *I-1,JMP,K, 
= 4,  - p i — —— ) 


XI  * XI-1 


In  the  same  way  the  farfield  solution  can  be  included  if  a solution  for  is  prescribed,  i.e.  by  a vortex 
lattice  method. 
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Scheme  for  free  jet  and  highly  porous  walls 

The  wall  plane  z = z (JMP)  is  not  included  in  the  relaxation  procedure,  the  calculations  end  at  z = JMP-1. 
The  second  derivative  4>zz  at  station  JMP-1  is  built  using  the  potential  at  the  points  JMP-2,  JMP-1  and  JMP. 


n+1  n+1  ,n+l  n+1 

,n+l  2 r I , JMP, KM , JMP-1, K M , JMP-1 .Km , JMP-2, K, 

^zzj, jMp-i  K = z(JMP)-T( JMP-2)  1 z(JHP)  - z(JMP-l) z(JMP-l)  - 


cpj  JMp  K being  estimated  from  the  wall  conditions 
free  jet:  O^MP.K  = °'° 

highly  porous  P > P«:  ‘P^jmp  k “ " P / '•’z  dx 

In  the  same  manner  the  classical  far  field  solution  of  Klunker  [7]  in  <f>  is  included,  allowing  for  an  up- 
dating of  <(>  not  necessarily  at  each  iteration  but  due  to  stability  reasons  after  NGAM  iterations. 

The  two  different  treatments  for  porous  walls  were  recommended  by  Murman  [10]  and  guarantee  as  well 
stability  as  the  correct  limiting  cases  solid  wall  (P=0)  and  free  jet  (P=°°). 


4.  THREEDIMENSIONAL  TURBULENT  BOUNDARY  LAYER  CALCULATIONS 

Basing  on  the  integral  methods  of  Myring  [15]  and  Smith  [16]  an  integral  method  for  compressible  turbulent 
boundary  layers  has  been  developed  and  extensively  tested  [17].  The  basic  assumptions  and  empirical  corre- 
lations included  are 

o x and  y momentum  equations  and  entrainment  equation  are  used  in  non-orthogonal  curvilinear  coordinates 

o power  law  profiles  approximate  the  streamwise  velocity,  Mayer  or  Johnston  correlations  the  crosswise 
velocity  component  in  the  boundary  layer 

o originally  Head's  empirical  entrainment  coefficient,  meanwhile  replaced  by  the  Lag  Entrainment  Method 
of  Green  [18] 

o Ludwig-Ti liman's  skin  friction  law 

o Eckert's  reference  temperature  concept  to  account  for  compressibility  effects. 

The  resulting  system  of  hyperbolic  equations  is  integrated  by  means  of  a fast  and  simple  explicit  finite 
difference  scheme. 

To  prove  the  accuracy  of  this  method  a comparison  is  shown  on  figures  4 a-c  as  well  with  experimental  data 
as  with  other  finite  difference  and  integral  methods.  It  should  be  mentioned  that  in  all  calculations  the 
same  input  was  used  for  the  external  flow  field,  namely  infinite  sheared  wing  conditions  and  measured  wall 
pressures.  As  shown  in  [17]  much  better  agreement  with  the  experimental  data  can  be  reached  near  separation 
if  the  measured  velocities  at  the  outer  edge  of  the  boundary  layer  are  used.  In  general  it  can  be  stated 
that  for  wingtyp  boundary  layers  integral  methods  seem  to  give  as  good  answers  as  finite  difference  methods. 

In  the  iterative  cycle  of  calculating  the  viscous  transonic  flow  this  boundary  layer  method  is  used  to  pre- 
dict the  threedimensional  displacement  thickness  surface  which  has  to  be  added  to  the  wing  profiles.  Its 
integration  in  the  whole  process  can  be  seen  from  figure  3. 


5.  RESULTS 

All  test  calculations  were  done  on  a wing-body  combination  as  shown  in  figure  5 which  belongs  to  the  PT- 
series  of  FFA  in  Sweden.  The  wing  has  an  aspect  ratio  of  4.0,  a quarter  chord  line  sweep  of  35  degrees  and 
a taper  ratio  of  0.4.  The  airfoil  shape  is  an  intermediate  one  using  the  analysis  and  design  options  of  our 
TSP  program. 


5. 1 Influence  of  Wind  Tunnel  Wall  Conditions 

To  show  the  influence  of  wind  tunnel  walls  a tunnel  is  assumed  of  2.8  times  the  root  chord  as  height  and 
4 times  root  chord  as  width.  The  same  grid  is  used  for  all  calculations,  for  free  flight  mesh  points  being 
added  outside  the  walls  up  to  z » ± 4.3  cr  and  y = 2.6  cr  wherj  far  field  boundary  conditions  are  applied. 

Figures  6 a,b  show  the  influence  of  free  jet  and  straight  solid  wall  boundary  conditions  compared  with  the 
free  flight  conditions  in  two  spanwise  sections.  Both  sections  show  the  same  well  known  effects  that  the 
free  jet  pressures  are  smaller  at  the  upper  surface  and  higher  at  the  lower,  the  shock  position  moved  fore- 
wards. For  solid  walls  the  tunnel  height  with  respect  to  the  supersonic  region  plays  an  important  role. 
Either  pressures  above  or  below  the  free  flight  data  can  be  the  result.  Figure  7 shows  the  pressures  along 
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the  upper  wall  for  the  solid  wall  compared  with  the  free  flight  values  at  this  location.  Unfortunately 
no  results  have  been  available  at  the  time  of  the  conference  for  porous  or  slotted  walls  due  to  some  minor 
computer  problems.  Anyway,  those  results  would  lay  somewhere  between  the  solid  wall  and  free  jet  data. 


Figure  8 shows  the  necessary  changes  at  the  wall  in  one  section  to  get  an  adjusted  curved  solid  wall  which 
produces  wall -interference-free  results.  Although  the  angle  of  attack  of  the  configuration  is  equal  to  zero 
due  to  the  high  local  section  lift  the  walls  have  to  be  curved  to  guarantee  the  right  downwash  behind  the 
wing.  The  figures  9 a,b  show  the  variation  of  porosity  parameter  along  the  walls  for  two  sections  to  have 
wall -interference  free  results.  This  results  might  give  an  indication  of  the  complexity  of  threedimensional 
adjusting  of  wind  tunnel  walls. 


5.2  Influence  of  Viscous  Effects 


I 

I 

i 
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The  influence  of  viscous  effects  on  threedimensional  transonic  wing  flow  is  shown  by  applying  iteratively 
the  displacement  thickness  concept.  The  starting  solution  always  is  the  fully  converged  TSP  solution  with- 
out shock  point  operator.  Using  the  resulting  velocities  the  displacement  thickness  distribution  is  calcu- 
lated and  added  to  the  wing  profiles.  All  following  TSP  calculations  are  done  using  the  fully  conservative 
form  with  shockpoint  operator.  Different  calculations  showed  that  as  long  as  there  is  no  separation  two 
iteration  cycles  proved  to  give  converged  results  without  any  underrelaxation  of  the  displacement-thickness. 
The  figures  10  a,b  represent  the  results  for  M^  = 0.85  and  Re  = 5.4  • 107  1/m  at  two  span  stations.  Compared 
with  the  nonconservative  inviscid  results  the  shock  moves  slightly  backwards  and  the  trailing  edge  pressure 
is  increased.  Maximum  pressures  seem  to  be  sometimes  lower  or  even  higher,  depending  on  the  threedimensional 
behaviour  of  the  flow.  It  should  be  mentioned  also  that  the  displacement  thickness  at  the  lower  surface  can 
be  thicker  than  on  the  upper  due  to  threedimensional  effects  though  the  pressures  on  the  lower  surface  are 
lower  (figure  10  b).  For  comparison  the  fully  conservative  inviscid  solution  is  shown  also  which  has  a 
shock  position  further  aft. 


Figures  11  a,b  show  the  same  effects  for  M^  = 0.90  and  Re  = 1.1  • 107  1/m.  The  higher  recompression  as  well 
as  the  thicker  layer  due  to  the  smaller  Reynolds  number  produce  stronger  effects  on  both,  the  pressures  and 
on  the  displacement  thickness. 


6.  CONCLUSION 

The  present  paper  showed  the  capability  of  computational  methods  to  give  at  least  the  tendencies  of  the  in- 
fluences of  wind  tunnel  walls  and  boundary  layers  on  threedimensional  transonic  flows.  Further  studies  have 
to  be  made  to  prove  results  against  experimental  data  from  the  wind  tunnel  and  free  flight.  Relatively  un- 
expensive  studies  can  be  done  to  improve  adjusting  wall  concepts  by  showing  the  influence  of  different 
iterative  adjusting  procedures,  effects  of  imcomplete  adjusting  etc. 

Also,  it  seems  to  be  very  attractive  to  study  different  improved  wall  condition  models  to  simulate  more 
accurate  the  presence  of  wind  tunnel  walls. 
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Figure  2. 

Basic  Arrangement  for  Threedimensional  TSP  Method 


Figure  1:  Computer  and  Windtunnel 

Design  Tools  and  their  Constraints 
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Figure  3: 

Flow  Chart  of  Numerical  Simulation  System 
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Figure  4 a-c:  Comparison  of  Present  Boundary  Layer  Method  with  Experimental  Results  and  other  Methods 
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RESUME 

Le  passage  de  l'etat  laminaire  k l'etat  turbulent  commence  par  l'apparition  au  seln  de  la  couche 
limlte  d ' instability  naturelles  constitutes  d'ondes  sinusotdales  d ' intermit tence  altatoire. 

Nous  ttudions  la  rtponse  de  la  couche  limite  k une  vibration  locale  de  paroi  dans  le  but  de  sup- 
primer  le  caract&re  altatoire  de  cette  intermittence. 

Le  signal  sinusoidal  de  deformation  de  la  paroi  est  obtenu  k l'aide  d'un  capteur  capacitif  de 
deplacement  : le  signal  des  fluctuations  de  vitesse  dans  la  couche  limite  est  donnt  par  un  antmometre  k 
fil  chaud. 

Ces  deux  informations  peuvent  §tre  traittes  stpartment  par  analyse  en  temps  reel,  ce  qui  permet 
de  mesurer  le  taux  d'harmonique  du  signal  de  deformation  et  de  determiner  la  densitt  spectrale  de  puissance 
des  fluctuations  de  vitesse. 

Le  traitement  simultant  des  deux  signaux  se  fait  k l'aide  d'un  corrtlateur  en  temps  reel.  A ce 
corrtlateur  est  associt  un  transformateur  de  Fourier  qui  fournit  le  spectre  mutuel  des  deux  signaux. 

Un  enregistreur  magnttique  est  utilise  pour  Stocker  les  signaux  et  les  relire  k faible  vitesse 
ce  qui  facilite  1 'observation  et  1 'etude  des  phen^*menes  instantanes. 

1 INTRODUCTION.  ETUDE 

Le  passage  de  I'etat  laminaire  & l'etat  turbulent  commence  par  l'apparition,  au  sein  de  la  couche 
limite,  d ’ instabi li tes  naturelles. 

Nous  avons  etudie  le  developpement  de  ces  tnstabilites  principalemer.t  sur  plaque  plane.  Elies 
sont  constituees  de  trains  d'ondes  sinusotdales  intermittentes  et  moduiees  en  amplitude,  apparaissant  de 
faqon  al^atoire  dans  La  couche  limite. 

Puis,  nous  avons  regarde  1 'influence  d'une  deformation  locale  de  la  paroi  sur  1 'evolution  de  ces 
instabilites  Une  deformation,  qu'elle  soit  en  creux  ou  en  sail  lie,  provoque  globalement  une  avance  de 

la  transition.  A l'echelle  des  fluctuations  de  vitesse,  nous  remarquons  que  ce  ne  sont  plus  des  ondes  sinu- 
sotdales qui  se  propagent  dans  la  couche  limite,  mais  nous  avons  des  bouffees  edatees  de  frequence  quel- 
conque.  On  volt  apparaltre  des  portions  de  signal  de  type  "turbulent". 

Nous  etudions  .naintenant  plus  precisement  la  reponse  de  la  couche  limite  soumise  k une  vibration 
locale  de  paroi  dans  le  but  de  supprimer  le  caractdre  aieatoire  de  l'apparition  des  bouffees  instables 
tout  en  conservant  le  caract^re  intermittent. 

Nous  voulons  piloter  l'apparition  des  bouffees  instables  par  la  vibration  de  la  paroi  de  telle 
sorte  que  les  instabilites  apparaissent  de  faqon  periodique  k la  m§me  frequence  que  la  vibration  de  la 
plaque. 

Toute  cette  etude  se  fait  par  analyse  spectrale  des  signaux  de  fluctuations  de  vitesse,  par 
correlation  avec  transformation  de  Fourier  en  temps  reel.  Les  signaux  de  fluctuations  de  vitesse,  d'une 
part,  et  de  vibration  de  la  paroi,  d'autre  part,  sont  traites  individuel lement  par  analyse  spectrale.  On 
en  mesure  aussi  les  valeurs  moyennes  et  les  valeurs  efficaces  (fig.  1). 

2 DISPOSITIFS  EXPERIMENTAL^ 

Les  mesures  sont  faites  dans  une  soufflerie  subsonique  de  type  Eiffel.  La  veine  de  section  carree 
(0,5  m x 0,5  m)  a une  longueur  de  1 m.  La  vitesse  de  l'#coulement  peut  varier  d'une  faqon  continue  de  4m/s 
k 30  m^s. 

Le  taux  de  preturbu lence  ext£rieure  reste  sensiblement  constant  et  4g al  & 0,4  % pour  des  vitesses 
comprises  entre  10  m's  et  25  m's.  Une  analyse  spectrale  des  fluctuations  de  vitesse  de  l'£coulement  ext£- 
rieur  montre  un  spectre  plat  qui  ne  presente  aucune  singularity  qui  risquerait  de  perturber  l'etat  laminai- 
re de  la  couche  limite. 

L'^tude  des  fluctuations  de  vitesse  dans  la  couche  limite  est  faite  au  voisinage  d'une  plaque 
plane  k paroi  deformable.  La  plaque  (0,5  m x 1 m)  est  maintenue  par  quatre  supports  independants  de  la 
soufflerie.  Elle  presente  un  bord  d'attaque  elliptique  d 'al longement  12 

La  paroi  deformable  sert  de  couvercle  k un  chassis  metallique  dans  lequel  trois  cavites  indepen- 
dantes  et  etanches  ont  ete  usinees.  Chaque  cavite  a une  longueur  X de  100  mm,  et  le  debut  de  la  premiere 
cavite  se  situe  k une  abscisse  xq  * 178  mm  du  bord  d'attaque. 

Ces  cavites  peuvent  dtre  alimentees  en  surpression  ou  en  depression,  de  telle  sorte  qu'il  est 
possible  d'obtenir  une  deformation  de  paroi  en  salllle  ou  en  creux.  La  deformation  ainsi  obtenue  a une 


I 


£Tr  • 


17-2 


amplitude  2 a variant  de  + 1,5  ram  A - 1,5  ram,  sur  95  % de  l'envergure  de  la  plaque.  La  paroi  ainsi  dAfor- 
mAe  est  proche  d'une  sinusoide  de  longueur  \ * 100  mm  et  d'amplitude  2 a. 

Ce  systAme  permet  une  grande  souplesse  de  manipulation  et  de  rAglage  de  la  deformation  pour 
l'Atude  statique. 

Nous  avons  raaintenant  amAnagA  un  dispositif  permettant  de  faire  vibrer  la  partie  deformable  de 

la  plaque. 


Nous  gardons  les  sources  de  surpression  et  de  depression  qui  alimentent  la  cavite  en  passant  par 
un  boisseau  tournant  entralnA  par  un  raoteur.  Un  capteur  potent iometrique  couple  avec  le  raoteur  donne  un 
signal  de  rotation  de  celui-ci. 

L'araplitude  de  la  deformation  statique  de  paroi  et  le  signal  de  vibration,  dans  le  cas  d'une  de- 
formation non  permanente,  sont  donnes  par  un  capteur  capacitif  de  deplacement. 

Les  mesures  de  fluctuations  de  vitesse  dans  la  couch^  limite  sont  faites  A l'aide  d'une  sonde 
miniature  A film  chaud. 

Un  dispositif  de  deplacement  permet  un  reglage  en  ordonnee  au  1'10  de  mm,  et  en  absclsse,  au  mm. 
L'ensembie  du  dispositif  repose  sur  un  support  independant  de  la  veine  de  la  soufflerie  afin  c'eviter  les 
vibrations  dc  la  sonde. 


3 CHAINE  D 'ANALYSE.  CORRELATION.  TRANSFORMATION  DE  FOURIER 

L'analyseur  de  spectre  accoraplit  1 'analyse  de  Fourier  de  la  fonction  d'entree.  Cette  analyse 
s'effectue  en  temps  reel,  ce  qui  signifie  que  chaque  echantillon  de  signal  est  pris  en  charge  dAs  sa  pre- 
sentation et  subit  integralement  le  traitement  d 'analyse  independamment  des  processus  dAjA  en  cours  sur 
d'autres  echantillons. 

Le  signal  passe  dans  un  filtre  passe  bas  et  est  converti  en  donnees  numeriques  par  Achanti llon- 
nage  A une  frequence  de  numerisation  triple  de  la  frequence  maximale  de  la  gamme  d 'analyse  choisie.  Les 
donnees  numeriques  sont  introduites  chronologiquement  dans  un  registre  memoire  qui,  par  decalages  successifs 
des  instants  d 'echantillonnage , fait  circuler  toutes  les  donnees  A un  rythme  K fois  plus  rapide  que  la  vi- 
tesse d 'acquisition.  On  definit  ainsi,  pour  une  gamme  d'analyse  donnee , le  coefficient  K de  compression  de 
temps.  Le  signal  issu  de  la  memoire  presente  un  spectre  de  frequences K fois  plus  eievees  que  le  spectre 
initial  et , aprAs  reconversion  numerique  analogique,  passe  dans  un  filtre  heterodyne  A bande  Atroite.  La 
compression  de  temps  autorise  une  plus  grande  vitesse  d'analyse  tout  en  conservant  une  bonne  precision 
statistique.  La  duree  d'analyse  est  K fois  plus  faible  que  dans  un  processus  d'analyse  directe.  La  synchro- 
nisation de  toutes  les  fonctions  discontinues , echantillonnage,  dAcalages  dans  la  mAmoi re,  /econversion 
analogique,  avance  pas  A pas  de  1 'heterodynage , est  assuree  par  une  horloge  interne. 

La  resolution  de  l'appareil  est  de  200  lignes.  Chaque  analyse  complete  est  effectuee  en  40  mil- 
lisecondes.  A titre  d'exemple,  pour  une  gamme  d'analyse  de  1 kHz,  la  resolution  est  de  5 Hz,  et  le  temps 
d 'acquisition  est  de  200  millisecondes.  La  presentation  du  defilement  des  echantillons  dans  la  memoire  se 
fait  sur  une  base  de  temps  de  200  microsecondes . L'emploi  d'on  oscilloscope  A deux  bases  de  temps  permet 
la  visualisation  simultanAe  du  contenu  de  la  memoire  et  du  rAsultat  de  1 'analyse.  Sur  l'une  des  bases  de 
temps  la  trace  represente  1 'evolution  temporelle  du  contenu  de  la  memoire  dans  des  axes  amplitude-temps. 

Sur  1 'autre  base  de  temps,  la  seconde  trace  de  1 'osci 1 loscope  correspond  A 1 'evolution  du  spectre  instan- 
tane  dans  des  axes  energie-frequence.  Cet  artifice  de  presentation  est  interessant  dans  le  cas  de  phAno- 
mAnes  intermittent s : on  est  amenA  A observer  soit  les  evolutions  simultanAes  du  contenu  de  la  mAmoire  et 
du  rAsultat  de  l'anaiyse  sur  un  film,  soit  le  blocage  en  mAmoire  d'un  transitoire  et  de  son  analyse  ins- 
tantanAe  pour  une  photographie. 


11  faut  noter  enfin  que  la  sortie  de  l'analyseur  est  AquipAe  d'un  intAgrateur  numArique  effec- 
tuant  la  moyenne  temporelle  d'un  certain  nombre  de  spectres  instantanAs  successifs. 


La  fonction  de  correlation  determine  le  degrA  de  similitude  entre  deux  fonctions  dAcalAes  l'une 
par  rapport  A 1 'autre  dans  le  temps.  Elle  est  dAfinie  mathAmat iquement  par  : 

> + T 

1 im  7T  / 

T-*oo  J-  T 


f (t) 
xy 


x ( t ) . y(t+T)  dt  ; 


l'appareil  raultiplie  point  par  point  la  fonction  d'onde  x(t)  par  une  autre  fonction  d'onde  dAcalAe  dans  le 
temps  y(t+r),  puis  effectue  la  sommation  ordonnAe  des  produits  pendant  le  temps  T. 


Les  signaux  x(t)  et  y(t)  sont  Achanti 1 lonnAs  et  convertis  en  donnAes  numAriques  A des  intervalles 
de  temps  Agaux  au  retard  AlAmentaire  t choisi.  A chaque  Atape  d 'Achanti 1 lonnage , un  m£me  Achantillon  de 

x est  multipliA  par  100  Achantillons  de  y arrivAs  dans  la  mAmoire  aux  instants  t,  2 r 100  t 

prAcAdents  ; les  100  multiplications  sont  faites  avant  1 'arrivAe  d'un  nouvel  Achantillon. 


Les  calculs  des  100  points  de  mesure  ainsi  dAfinis  peuvent  Atre  considArAs  comme  simultanAs  ; le 
letnrd  t peut  varier  de  1 us  A 1 s. 


Un  aAcalage  de  0 A 200  t,  mis  en  place  par  section  de  50  t,  permet  d'Atudier  la  fonction  de  cor- 
ymAtriquement  autour  du  zAro  ou  bien  A des  temps  AloignAs  de  zAro. 


Le  transformateur  de  Fourier,  associA  au  corrAlateur  en  temps  rAel,  donne  A l'ensembie  de  la 
chatne  v*e  traitement  des  signaux  des  possibilitAs  d 'exploitation  immAdiate  des  fonctions  d 'intercorrAlation. 
Le  calcul  de  base  de  la  transformAe  de  Fourier  est  donnA  mathAmat iquement  par  les  relations  suivantes  : 


la  Partie  rdelle 


ft  \ /2  tt  k n> 

Oct)  cos  ( ) ; 


xy 


la  Partie  imaginaire 


2 n k n. 


b = - 5""  f Oct)  sin  ( m 

n S-  xy  N 


Les  valeurs  de  f Oct)  sont  les  100  valeurs  obtenues  k la  sortie  du  corrdlateur,  k variant  de  0 
k 99  pour  une  valeur  de  t cXoisie.  La  gamme  maximale  de  frequence  est  de  1 MHz.  Une  Interpolation  permet 
une  sortie  sur  1 000  points. 

La  fonction  ainsi  obtenue  est  une  quantity  complexe  dont  les  parties  rdelle,  imaginaire,  le  mo- 
dule, la  phase  peuvent  §tre  s£par6ment  presentees  en  fonction  de  la  frequence  ou  deux  k deux  en  represen- 
tation parametrique. 

4 OBSERVATION  DES  SIGNAUX  DE  FLUCTUATIONS  DE  VITESSE 

L'observation  du  signal  des  fluctuations  de  vitesse  donne  par  1 'anemom&tre  k film  chaud  est 
source  de  nombreuses  informations  necessaires  k la  comprehension  du  phenomene  de  transition. 

Dans  l'etude  des  instabilites  naturelles  de  la  couche  limite  au  voisinage  de  la  plaque  plane, 
nous  avons  observe  le  signal  des  fluctuations  de  vitesse  par  visualisation  directe  sur  oscilloscope  des 
informations  donndes  par  le  fil  chaud  . Nous  observons  un  signal  laminaire  avec  des  bouffees  instables 
sinusotdes  de  frequence  f moduiees  en  amplitude,  apparaissant  de  faqon  intermit tente  et  aieatoire. 

En  passant  par  la  memoire  d 'entree  de  l'analyseur,  il  nous  est  possible  de  bloquer  le  defilement 
du  signal  pour  ne  conserver  en  memoire  qu 'une  portion  de  signal  visualisee  sur  1 'oscilloscope  (fig.  2). 

Mais  le  defilement  du  signal  donne  par  le  fil  chaud  est  tr£s  rapide,  ce  qui  rend  difficile  le 
blocage  precis  d'une  bouffee  instable. 

Nous  enregistrons  le  signal  sur  bande  magndtique  k une  vitesse  de  60  ips.  Nous  pouvons  alors 
retire  le  signal  enregistre  k faible  vitesse  soit  17/8  ips.  Le  rapport  32  entre  ces  deux  vitesses  permet 
de  sdlectionner  au  passage  les  bouffees  interessantes  et  de  les  bloquer  en  memoire. 

II  est  interessant  pour  l'etude  des  bouffees  instables  de  visualiser  simu ltanement  la  memoire  de 
l'analyseur,  done  le  signal  des  fluctuations  de  vitesse,  et  la  sortie  de  l'analyseur  qui  donne  le  spectre 
instantane  de  la  portion  de  signal  contenue  en  memoire.  Nous  observons  ainsi  une  bouffee  instable  et  son 
spectre  instantane. 

Par  ailleurs,  nous  pouvons  accumuler  durant  un  intervalle  de  temps  determine  des  spectres  ins- 
tantands  pour  avoir  le  spectre  intdgre  d'une  portion  de  signal. 

Sur  le  film  projete,  nous  prdsentons  le  signal  instantane  des  fluctuations  de  vitesse  donne  par 
le  fil  chaud  obtenu  dans  la  couche  limite  sur  plaque  plane  et  les  spectres  instantanes  de  chaque  portion 
de  signal  contenue  dans  la  memoire  de  l'analyseur. 

Nous  avons  done  un  signal  de  fluctuations  de  vitesse  representant  la  quantite  u'  en  fonction  du 
temps  et  le  spectre  correspondant , soit  I'dnergie  des  fluctuations  en  fonction  de  leur  frequence. 

Nous  proeddons  de  la  m§me  faqon  pour  faire  l'observation  du  signal  des  fluctuations  de  vitesse 
en  presence  d'une  deformation  statique  de  la  paroi.  Le  signal  n'est  plus  le  m&me , et  nous  observons  un 
signal  d 'aspect  turbulent.  II  n'y  a plus  de  bouffee  instable  sinusofdale,  de  m£me  qu'on  ne  peut  plus  dece- 
ler  de  frequence  caracteristique. 

Si  nous  soumettons  la  couche  limite  k une  vibration  de  paroi  de  faible  frequence,  soit  1 Hz  envi- 
ron, de  telle  sorte  que  1 'amplitude  de  la  deformation  varie  en  signal  carre  de  0 k + 1 mm,  le  signal  des 
fluctuations  de  vitesse  passe  d'un  etat  qu'on  peut  qualifier  de  laminaire,  correspondant  au  zero  d'ampli- 
tude,  k un  etat  dit  turbulent  pour  le  maximum  de  deformation. 

L'enregistrement  en  paralieie  mais  non  simultane  sur  deux  pistes  differentes  des  signaux  obtenus 
sur  plaque  plane  et  sur  plaque  deformee  permet,  en  les  visualisant  simultandment , de  dif ferencier , k la 
lecture,  les  etats  laminaires  et  turbulents  de  la  couche  limite. 

L'enregistrement  simultane  du  signal  de  vibration  de  paroi  et  du  signal  de  fluctuations  de  vi- 
tesse permet,  en  les  relisant,  d'etudier  la  correlation  qui  les  lie. 

5 CORRELATION  DU  SIGNAL  DES  FLUCTUATIONS  DE  VITESSE  ET  DU  SIGNAL  DE  VIBRATION  DE  PAROI 

La  correlation  qui  existe  entre  les  fluctuations  de  vitesse  dans  la  couche  limite  et  la  vibration 
de  paroi  apparalt  clairement  dans  l'etude  simultanee  des  signaux  donnes  par  le  fil  chaud  et  le  capteur  de 
deplacement.  Mais  une  etude  precise  de  cette  correlation  est  entreprise  k partir  de  la  fonction  de  correla- 
tion des  deux  grandeurs  physiques  correspondantes , u'(t)  fonction  des  fluctuations  de  vitesse  au  cours  du 
temps  et  a(t)  amplitude  instantanee  de  la  deformation  de  paroi.  La  fonction  de  correlation  s'ecrit  : 


f ( t) 


a(t)  u'  (t+T)  dt. 
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L 'etude  de  la  fonction  de  correlation  se  fait  natur allement  de  pair  avec  une  transformation  de 
Fourier  qui  donne  le  spectre  mutuel  des  deux  quantit^s  physiques. 

II  existe  un  dephasage  entre  la  r^ponse  de  la  couche  limite  dans  la  zone  de  transition,  done  k 
l'aval  de  la  deformation  de  paroi,  et  la  vibration  de  la  paroi  elle-mfeme. 

Nous  avons  remarque  qu'une  deformation  statique  de  la  paroi,  qu'elle  soit  en  saillie  ou  en 
creux,  provoque  une  avance  globale  de  la  transition,  cette  avance  n'etant  pas  tout  k fait  la  m£me  pour  les 
deux  cas  (fig.  3). 

Pour  une  periode  de  vibration,  nous  avons  deux  avances  de  la  transition.  La  reponse  de  la  couche 
limite  k la  vibration  de  paroi  se  fait  done  k une  frequence  double  de  la  frequence  sollicitatrice  F.  Nous 
obtenons  une  correlation  des  deux  signaux  k la  frequence  2 F si  nous  prenons  la  precaution  de  redresser 
le  signal  de  vibration  de  la  plaque  pour  en  doubler  la  frequence  (fig.  1). 

Mais  nous  conservons  une  correlation  i la  frequence  F due  & la  dissymetrie  des  avances  de  la 
transition  provoquee  par  une  deformation  positive  et  negative. 

6 CONCLUSION 

Les  premiers  travaux  reiatifs  k cette  etude  nous  avaient  amenes  k traiter  sur  ordinateur  les 
signaux  de  fluctuations  de  vitesse  dans  l'optique  d'une  analyse  spectrale.  Cette  demarche  s'est  averee  in- 
fructueuse,  non  pour  des  raisons  theoriques,  mais,  d'une  part,  k cause  de  la  complexite  des  signaux  et, 
d'autre  part,  k cause  des  temps  de  numerisation.  L'absence  de  couplage  direct  sur  ordinateur  n'etait  qu'un 
ennui  secondaire. 

Par  contre,  cette  chalne  d'analyse  et  de  correlation  semble  parfaitenent  adaptee  k nos  besoins, 
et  l'adjonction  prochaine  d'une  perforatrice  de  ruban  augmentera  encore  les  possibilites  de  traitement  des 
signaux  physiques. 
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Summary 

This  paper  describes  an  efficient  test  technique  for  three-dimensional  flow  field  measurements  which 
was  set  up  in  combination  of  a conventional  measurement  technique  with  modern  electronical  equipment. 

The  test  rig  is  installed  in  the  low  speed  wind  tunnel  of  DFVLR  in  GQttingen. 

Some  suggestions  for  graphic  representations  of  three-dimensional  flow  fields  are  given  by  hand  of 
examples. 


Notation 


mm 

mm 

mm 


Position  coordinates  of  the  field 


d 

D1 


Nozzle  exit  diameter 
Fuselage  diameter 


degrees 

degrees 


Angle  between  the  local  flow  vector  lying  in  the  x,  z-plane  and  the  direction 
of  undisturbed  flow 

Angle  between  the  local  flow  vector  lying  in  the  x,y-plane  and  the  direction 
of  undisturbed  flow 


qco 

V 

GO 


Indices 


x/d. 

y/«tf 

z /dJ 
J 

kp/rr  ^ 
m/sec 
kp/ m 
q . /q 

H./V 

J °° 


Dimensionless  coordinates  of  the  field 

Dynamic  pressure  of  the  flying  speed 
Flow  velocity 

Dynamic  pressure  of  the  jet 
Dynamic  pressure  ratio 
Temperature  ratio 


oo 

j 


Undisturbed  flow 
Flow  in  the  jet 


1,  Introduction 


Picking  up  and  Graphing  of  Three-Dimensional  Flow  Fields 


For  investigations  of  new  aerodynamic  problems  in  a subsonic  flow  which  will  exclusively  be  considered 
here  and  in  wind  tunnel  tests  on  complicated  models  as  to  be  found  in  industrial  aerodynamics,  detailed 
informations  are  required  about  the  steady  flow  behaviour  in  the  vicinity  of  the  model  The  well  known 
methods  of  flow  visualization  as  by  small  tufts  or  smoke  are  indeed  offering  a way  to  get  a quick  general 
view  over  the  flow  field.  For  more  accurate  flow  field  analysis  those  methods  are  not  sufficient  however 
in  most  cases.  Quantitativ  results  can  only  be  obtained  from  real  flow  field  measurements  which  enable 
to  determine  the  three-dimensional  distribution  of  the  various  parameters  separately.  Since  several 
years  there  were  systematical  flow  field  measurements  performed  in  the  low  speed  wind  tunnel  of 
DFVLR  in  Gdttingen.  By  an  appropriate  lay-out  of  electronical  equipment  in  combination  with  a conven- 
tional measurement  technique  and  automatical  data  reduction  an  efficient  test  rig  was  set  up  which  enables 
to  realize  the  normally  very  time-wasting  investigations  of  three-dimensional  flow  field  in  a proper 
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time. 

2-  What  is  important  for  effectiveness  of  three-dimensional  flow  field  investigations  ? 

At  first  I want  to  sketch  the  substantial  postulations  for  an  economical  performance  of  flow  field 
measurements  (Fig.  1). 

".  1 Measuring  method 

This  is  not  the  place  to  discuss  about  the  advantages  or  disadvantages  of  single  measurement  methods. 
Nevertheless  the  whole  instrumentation,  the  procedure,  the  data  reduction  and  last  not  least  the  use- 
fulness of  the  results  are  dependent  on  the  applied  test  technique.  The  wide  field  of  a large  low  speed 
wind  tunnel  demands  a universal  testing  method  by  which  all  the  parameters  of  the  flow  like  pressures, 
velocities,  temperatures  and  so  on  can  be  picked  up  completely  and  simultaneously. 

The  system  has  to  be  quickly  ready  to  act  which  means  the  effort  for  calibration  and  adjustment  and  so 
on  should  be  as  low  as  possible. 

If  you  go  back  to  measurement  methods  with  physically  clear  relation  between  the  in-put  and  the  out-put 
of  the  system  you  will  get  an  easier  data  reduction.  The  results  will  become  better  reproducible  and  by 
that  the  general  information  will  be  more  safe,  too. 

2.  2 Data  recording  and  processing 

There  is  a great  number  of  data  which  is  produced  by  three-dimensional  flow  field  measurements.  There- 
fore it  is  important  to  have  a sufficient  electronical  equipment  for  quick  digital  recording  and  processing 
by  on- tine.  Besides  of  this,  the  flow  field  measurements  are  nearly  always  planned  and  performed  as 
pilot  measurements.  It  is  essential  that  the  data  reduction  and  the  out-put  of  the  results  are  ensuing 
simultaneously  with  the  recording  of  data  to  produce  a continuous  flow  of  information  which  is  necessary 
for  the  control  of  the  run-down  of  the  measurements. 

2.  3 Positioning  of  the  probe 

As  you  know,  a three-dimensional  field  can  be  felt  out  either  point  by  point  or  continuously  in  a single 
cross  section.  For  this  you  will  need  a sufficient  translator.  It  must  work  with  high  velocity  and  must 
put  out  clear  signals  and  data  processable  signals  about  the  probe  position. 

2.  4 Data  reduction 

Last  not  least  a suitable  representation  of  the  results  is  important  for  the  success  of  the  investigation. 
How  is  it  possible  to  give  an  instructive  representation,  referring  also  to  the  problem  of  a three-dimen- 
sional vector  field  ? 

For  this,  there  are  various  suggestions  : 

1.  Representation  of  single  parameters  by  isolines  (isothermes,  isotaches,  isobars) 

2.  Representation  of  the  local  flow  vector  by  arrows 

3.  Representation  by  stream-lines 

4.  Perspective  representation  of  single  parameters  with  their  amount 

In  combination  with  the  above  mentioned  two-dimensional  representations  there  is  the  other  problem: 
How  is  it  possible  to  make  three-dimensional  effects  evident  ? Later  on,  I will  point  out  further  details. 

3.  Description  of  a suitable  test  rig 

By  the  continuous  accomodation  on  the  increasing  demands  in  the  test  technique  there  was  installed  a 
testing  stand  in  Gbttingen  which  satisfies  the  mentioned  conditions  rather  well.  The  next  figures 
(2  and  3)  give  the  schematic  description  of  the  system  after  the  actual  situation. 

3.  1 Mechanical  part  of  the  system 

The  total  pressure  p^,  the  static  pressure  p , the  two  differential  pressures  p and  p„  for  measuring 
the  flow  direction  are  picked  up  by  a nine  ho%  direction  probe  (Fig.  2).  The  flo^  temperature  T is  taken 
by  a thermo  couple  which  is  mounted  inside  of  the  p^-pressure  pipe.  The  extension  and  design  of  the 
tiny  probe  head  (Fig.  3)  enables  nearly  punctual  measurements.  The  interferences  on  the  flow  caused 
by  the  probe  are  neglectible.  The  probe  is  mounted  on  a support  for  automatical  and  very  accurate 
positioning  in  x,  y,  z-direction  of  the  whole  space  of  3 x 3 x 6 m wide  wind  tunnel  test  section.  The 
probe  can  also  rotate  around  its  shaft  axis.  The  translator  is  driven  by  stepping  motors.  One  of  the 
two  angles  of  the  flow  vector  can  be  determined  by  rotating  the  probe  into  flow  direction.  All  the  other 
values  will  be  determined  out  of  calibration  curves.  The  maximum  rotating  angle  of  the  probe  is  ± 180° 
so  that  the  reverse  flows  and  even  quasi  stationary  vortexes  in  the  flew  behind  a body  can  still  be  picked 
up. 
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3. 2 Electrical  part  of  the  system 

Probe  positioning  is  managed  by  programme  control.  In  this  way  a two-dimensional  field  with  numerous 
positions  can  be  reached  automatically  point  by  point  in  a short  time. 

The  differential  pressure  between  both  pressure  holes  which  are  lying  in  the  plane  of  rotation  of  the  probe 
is  p . It  is  the  in-put  for  a probe  rotation  control  system  which  keeps  the  probe  automatically  staying 
parallel  to  the  projection  of  the  local  flow  vector  in  this  plane.  The  angle  of  rotation  indicates  the  angle  of 
inclination  a . The  accuracy  of  probe  adjusting  can  be  varied  by  amplifying  the  in-put  within  a certain 
range.  If  the  gradient  of  the  flow  vector  is  low,  it  is  also  possible  to  move  the  probe  continuously  with  a 
suitable  velocity  while  data  will  be  picked  up  in  a corresponding  way.  For  each  probe  position  all  data 
of  flow  and  probe  positioning  are  picked  up  simultaneously  and  read  on-line  by  a central  computer.  Alt 
other  data  which  are  necessary  for  the  calculation  of  the  local  pressure  p^  and  p^  and  the  local  tempe- 
rature T as  well  are  stored  in  the  computer.  An  extensive  computer  programme  is  available  to  adapt 
data  reduction,  out -put  of  results  and  the  process  of  control  to  many  various  questions  and  conditions 
of  experiments.  The  whole  process  is  working  in  realtime.  The  out-put  of  the  results  can  simultaneously 
be  received  from  a printer  in  form  of  lists  and  from  a plotter  or  a graphic  display  in  form  of  diagrams 
or  another  manner  of  graphic  representation.  Especially  the  out-put  on  a graphic  display  is  very 
advantageous.  This  device  makes  it  possible  to  put  out  various  graphic  representations  of  the  flow 
simultaneously  with  the  measurements.  This  enables  the  testing  engineer  to  get  an  idea  of  the  flow 
already  during  the  measuring  phase. 

4.  Some  suggestions  for  graphic  representation  of  three-dimensional  flow  fields 


4.  1 Representation  by  isoclines 

Isocline  representation  is  a very  good  way  to  demonstrate  flow  directional  distributions.  The  following 
plots  (4  and  5)  are  showing  the  directional  distribution  of  the  vector  of  velocity  in  a flow  field  which  is 
generated  by  a cross  blown  jet. 

In  this  case  there  are  plotted  lines  of  equal  inclination  (that  means  a - const.  ) of  the  flow  vector  against 
the  undisturbed  flow.  The  advantage  of  this  manner  of  representation  is  that  the  plane  of  drawing  can 
be  selected  independently  of  amount  and  direction  of  the  vector  that  should  be  represented.  This  makes 
possible  to  demonstrate  the  directional  distribution  of  a vector  - here  a velocity  component  - in  each 
plane  of  the  three-dimensional  field.  Representations  in  only  one  plane  of  section  through  the  flow  field 
can  give  a three-dimensional  idea  to  the  observer  because  the  assigned  angle  indicates  the  resultant 
direction  of  component  and  not  only  its  projection  into  the  plane.  This  figure  (4)  shows  the  plane  of 
symmetry  of  the  above  mentioned  flow  field.  There  is  a free  jet  generated  by  cold  compressed  air 
emerging  vertically  out  of  a cylindrical  fuselage.  The  dynamic  pressure  ratio  q./q^  is  36  and  the  jet 
Mach  number  M.  is  1,  the  jet  diameter  d = 45  mm.  You  can  clearly  separate  tlfree  regions  of  interest, 
t.  An  aera  of^  upward  directed  flow  in^front  of  the  jet  with  positive  angles 

2.  The  aera  of  the  jet  itself  which  is  recognizable  by  90  limit 

3.  The  aera  of  reverse  flow  in  the  dead  water  of  the  jet  with  angles  greater  than  90 

Figure  5 gives  a horizontal  section  at  z/d.  * 2 through  the  same  flow  field.  In  the  figure  before,  the  jet 
axis  was  situated  in  the  plane  of  representation  while  now  there  is  shown  a plane  of  cross  section  which 
is  situated  vertically  to  the  nozzle  axis.  This  pattern  gives  an  idea  of  the  directional  distribution  over 
the  wideness  of  the  aera.  The  three  significant  parts  of  the  flow  field  are  recognizable  again.  The  up 
wash  aera  which  as  we  see  later  is  induced  by  a pair  of  vortexes  in  rear  part  of  the  jet  extends  to  both 
sides  and  only  slowly  dies  away. 

Plots  of  planes  more  distant  from  the  origin  which  cannot  be  shown  here  are  giving  an  idea  of  the  far 
reaching  up  wash  flow. 

4.  2 Representation  of  stream  lines 

Stream  lines  are  as  know  obtained  by  integration  of  directional  fields.  The  three-dimensional  coordinates 
of  points  on  one  stream  line  are  following  from  the  formulars  in  figure  6,  if  we  accept  that  in  a sufficient 
small  interval  the  velocity  ratios  vy/vx  * = const.  = tan  /5  and  vz/vx  = = const.  = tan  a is 

valid. 

By  help  of  data  processing  it  is  easily  possible  to  satisfy  this  condition.  and  fQ  are  independent 

selectable  starting  coordinates  of  the  stram  line,  a and  ft  are  the  angles  of  direction  of  the  flow  vector. 
The  examples  of  representation  shown  in  the  next  two  figures  are  giving  again  the  flow  fietd  of  a cross 
blown  jet.  Figure  7 shows  the  stream  lines  in  the  plane  of  symmetry  corresponding  to  the  above 
mentioned  isocline  field  and  in  figure  H a horizontal  plane  is  plotted.  For  sake  of  clearness  of  the 
demonstration  a two-dimensional  representation  was  taken.  That  means  the  vertical  component  of  the 
flow  vector  is  neglected.  This  simplification  is  allowed  in  the  greater  part  of  the  plane  where  the  vertical 
component  is  small.  The  region  of  the  vertical  flow  of  the  jet  is  saved.  The  stream  lines  disappear 
when  the  amount  of  the  vertical  component  increases.  It  is  however  also  possible  to  have  a perspective 
representation  of  single  stream  lines  for  example  stream  lines  inside  of  a vortex.  Stream  lines  are 
especially  useful  because  they  are  rather  evident.  Besides,  it  is  a way  to  compare  experimental  results 
with  potential  theoretical  works  about  flow  problems. 
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4.  3 Representation  of  the  flow  vector  by  arrows 

Another  very  evident  graphic  representation  can  be  seen  in  figure  9.  Herein  the  projection  of  the  velocity 
vector  on  the  drawing  plane  is  plotted  with  its  direction  and  its  amount.  The  plot  is  again  treating  the 
flow  around  a cross  blown  jet.  We  see  a plane  of  cross  section  which  is  rather  far  from  the  origin  in  a 
region  where  the  jet  is  completely  developed.  The  represented  component  of  the  velocity  gives  an  idea 
of  the  vortexes  on  the  rear  side  of  the  jet. 

By  this  picture  we  can  understand  how  the  up  wash  flow  which  already  could  be  watched  in  the  above 
isocline  fields  is  generated.  On  its  boundary  the  vortex  is  mixed  with  the  industurbed  flow.  By  this  the 
flow  geis  a rotation  impuls  which  leads  to  the  resultant  up  wash. 

This  vector  representation  is  suited  for  real  time  plotting  as  well.  It  is  therefore  a very  good  help  to 
control  measurements. 


4.4  Representation  by  isotaches 

Figure  10  contains  the  velocl'v  distribution  in  a cross  section  through  a cross  blown  hot  jet.  The  assigned 
data  indicate  the  velocity  ratio  v/v  of  the  resultant  local  flow  and  the  undistrubed  flow.  Both  aei  as  of 
low  intensity  flow  are  in  front  and  fRe  rear  part  clearly  recognizable.  The  kidney  shaped  deformation  of 
the  original  circular  jet  is  represented  pretty  well. 


4.  5 Representation  by  isothermes 


Out  of  the  simultaneously  picked  up  temperature  data  figure  11  was  plotted.  The  assigned  temperature 

ratio  T/T  follows  from  the  local  measured  temperature  T in  relation  to  the  jet  temperature  T 
. . 1 ..max  . . max 

taken  at  tne  origin. 


4.  6 Perspective  representation  of  parameters  after  their  amount 

At  the  end  there  still  should  be  mentioned  a possibility  of  perspective  plotting.  Sometimes  a perspective 
graph  of  three-dimesnional  distribution  of  parameter  amounts  can  be  useful.  The  example  (Fig.  12) 
shows  the  longitudinal  component  of  the  velocity  around  the  cross  blown  jet  in  a cross  section  corres- 
ponding to  the  isotaches  field.  This  kind  of  representation  will  only  be  useful  in  a few  special  cases  and 
therefore  I don't  want  to  give  a more  detailed  description. 


5.  Conclusion 

The  described  measurement  method  is  very  versatile.  Each  of  the  above  mentioned  manners  of  repre- 
sentation of  flow  fietds  is  giving  special  information  for  various  questions  which  can  appear  in  combi- 
nation with  three-dimensional  steady  flows.  If  all  representations  are  applied  on  one  problem  they  can 
give  a far  reaching  answer. 
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DATA  RECORDING 


1.  Application  of  a suitable  measuring  method  for  picking  up  all 
characteristic  data  (P{,  P , T,  V) 

2.  Equipment  for  extensive  three-dimensional  probe  positioning 

3.  Sufficient  electronical  equipment  for 

- quick  digital  measurements  of  up  to  20.  000  va'ues  per 
measuring  plane 

- control  of  instrumentation 

- real  time  data  reduction 


DATA  REPRESENTATION 


1.  Referred  to  problem  and  instructive  representation 

2.  Possibilities  of  representation 

- isolines 

- vectors 

- stream  lines  (two-  and  three-dimensional) 

- perspective  representation  of  parameter  amounts 

3.  How  is  it  possible  to  make  three-dimensional  effects  evident  ? 

- representation  of  selected  cross  sections 

- three-dimensional  perspective  representation 


Fig.  1 

What  is  important  for  effectiveness  of  three-dimensional  flow  field  investigations  ? 
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Cross  blown  jet.  Flow  field  in  the  plane  of  symmetry  represented 
by  isoclines  /ot=  const .1  Qi/Qoo  = 36,  M-.  = 1 


Cross  blown  /et  Inclination  of  the  flew  rector  m a 
horizontal  plane  at  r/d.  -1.  M.  m t,  9.  /qm  m36 


Fig.  7 •'  Cross  blown  jet.  Streamlines  in  the  plane  of  symmetry 
Q:  /Qoo  = 36,  M:  =1,  d:  =1,5  mm 
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ROUND  TABLE  DISCUSSION 


Prof.  Sears  : 


Ladies  and  Gentlemen,  this  is  a wind-up  summary,  and  we  will  review  what  we 
have  accomplished  in  the  last  two  days,  what  conclusions  we  can  come  to  and  what  points 
have  been  left  dangling  in  the  air.  I am  accompanied  here  at  this  table  by  the  several 
chairmen  of  the  sessions.  I am  M.  CarriSre  I You  wouldn't  know  it  by  hearing  my  French 
and  I might  say  that  you  wouldn't  know  it  by  hearing  my  English  either.  Eut  I am  taking 
his  place  as  far  as  Session  2 is  concerned. 


If  we  are  to  summarize  and  come  to  some  conclusions,  let  us  see  what  kind  of 
conclusions  we  might  come  to  that  would  do  anybody  any  good.  I would  suggest  that  we 
look  at  the  subjects  from  the  following  viewpoint.  The  last  few  days  we  have  discussed, 
talked  about  and  listened  to  a number  of  different  aspects  of  the  cooperation  between 
wind  tunnels  and  computing  machines.  I should  think  that  a good  way  to  summarize  might 
be  to  look  at  this  subject  now  and  say  what  is  not  being  done,  what  is  missing.  Or,  if 
we  can  establish  certain  goals  in  the  field  of  wind  tunnel  computer  cooperation,  how  do 
we  achieve  these  goals  in  our  NATO  countries  and  what  steps  toward  these  goals  are 
missing  from  the  programs  1 Put  bluntly,  what  Bhould  we  be  asking  our  various  bosser 
and  treasurers  ? What  should  we  be  asking  them  to  support  that  we  ought  to  be  doing  ? 

If  you  agree  with  me  to  take  that  point  of  view  and  try  to  address  that  question,  then 
I remind  you  that  we  have  heard  talks  in  essentially  three  different  areas  with  consider- 
able overlap. 

I would  say  that  we  have  heard  papers  (1)  in  the  cat 
utility  of  wind  tunnels,  making  wind  tunnels  more  useful,  more 
expensive;  (2)  we  heard  papers  in  the  category  of  improving  th 
wind  tunnels,  and  (3)  we  have  heard  papers  in  the  category  of 
computing  hardware  and  software;  that  is,  computations  that  wo 
wind  tunnel  or  complement  the  wind  tunnel,  such  as  the  ones  we 
numerical  simulation  as  such. 

Without  any  previous  warning,  I am  going  to  call  on  these  chairmen  to  try  to 
lead  off  and  say,  in  those  categories,  what  their  goals  are  and  what  ought  to  be  done  to 
achieve  those  goals.  Mr.  Dietz,  you  and  your  session  were  concerned  mostly  with  the 
first  category;  the  use  of  computers  to  increase  the  utility  of  wind  tunnels.  Could  I 
ask  you  to  think  about  that  and  talk  at  the  same  time  1 

Hr.  Dietz  : 

Thank  you  Mr.  C.iairman.  You  have  narrowed  down  my  avenue  of  approach  a bit  by 
saying  that  I must  talk  about  what  I would  ask  my  bosses  to  support. 


egory  of  increasing  the 
efficient  and  less 
e simulation  provided  by 
complementary  uses  of 
uld  either  replace  the 
heard  today  on  improving 


Prof.  Sears  : 

No,  you  can  go  much  farther  than  that. 


Mr.  Dietz  : 

I can  say  anything  I wish  then.  I agree  with  you  about  the  meeting,  and  I would 
put  it  in  a little  different  context.  We  have  talked  about  the  use  of  computers  in 
connection  with  wind  tunnel  operation,  and  we  have  also  talked  about  the  use  of  wind 
tunnels  in  connection  with  computer  operation.  So,  we  have  covered  the  gamut  from  the 
computer  supporting  the  wind  tunnel  to  the  reverse  of  that.  The  papers,  in  the  Section 
that  I chaired,  dealt  primarily  with  how  the  computer  can  improve  the  wind  tunnel.  It 
was  obvious  in  those  papers  that  a number  of  countries  have  gone  a long  way  in  using  the 
computer  to  monitor  the  conditions  in  the  wind  tunnel  and  to  feed  back  to  the  wind  tunnel 
signals  that  will  cause  it  to  maintain  set  test  conditions.  That  utilization  has  already 
increased  the  output  per  hour  of  the  wind  tunnel  and  increased  the  precision  of  the  data 
that  are  produced  by  the  wind  tunnel.  I think  nothing  more  needs  to  be  said  about  that 
except  for  AGARD  to  put  it  in  the  record  and  to  have  these  papers  widely  circulated,  so 
that  others  who  may  not  have  done  this,  could  take  advantage  of  the  technology  that  is 
available.  The  next  thing,  there  were  several  papers  in  the  Session  that  talked  about 
on-line  data  processing  where  you  have  the  computed  coefficients  available  to  you  at  the 
very  minute  that  they  are  being  measured  in  the  wind  tunnel.  You  saw  that  that  has  been 
done  in  several  nations  and  done  with  a high  degree  of  sophistication.  You  are  aware  of 
the  fact  that  the  data  are  not  only  used  in  the  control  room  and  on  the  base  where  the 
wind  tunnel  is,  but  is  sent  to  the  useron-line,  so  that  he  can  have  it  at  the  minute  that 
it  is  being  taken.  There  are  a number  of  ways  to  use  these  data  if  you  have  them  on-line, 
aside  from  making  manual  human  decisions  in  the  control  room  about  what  to  do  next.  There 
were  items  in  the  papers  about  that;  about  how  these  were  used.  Remember, in  the  tests  of 
rotary  wing  aircraft,  models  are  very  sensitive;  they  are  not  long  lived,  so  you  can  use 
those  data  to  trim  the  vehicle  in  the  tunnel  and  only  take  those  data  which  are  essential 
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to  your  program.  At  least  you  take  those  1 0 >K  of  the  total  data  first,  so  that  you  know 
that  you  have  them  while  the  model  is  still  alive.  Then  you  take  the  less  important  data 
later,  but  you  use  the  on-line  feedback  to  restrict  your  program.  That  can  be  used  either 
because  you  have  a model  that  isn't  going  to  last  very  long,  or  you  have  a limited  budget, 
and  you  would  like  to  take  1/10  of  the  data  that  we  now  take  in  order  to  document  the 
performance  of  a bird  in  the  wind  tunnel.  Remember  that  there  are  other  uses  for  that 
feedback  data  that  we  didn't  talk  about  very  much  in  the  meeting.  I hope  that  that 
appears  in  this  record,  so  that  we  can  have  AGARD  papers  on  it  subsequently,  and  that 
that  technology  would  be  more  widely  spread.  I mentioned  that  at  the  outset  of  this 
meeting.  That  is,  you  can  take  the  on-line  data  that  you  have  measured  from  the  wind 
tunnel  and  you  combine  that  with  computer  output  that  is  either  purely  theoretical  or  is 
also  based  on  empirical  data,  but  stored  in  the  computer,  and  you  make  the  wind  tunnel, 
through  that  technique,  produce  data  that  ordinarily  you  would  not  otherwise  have.  You 
recall  that  I mentioned  the  situation  of  testing  a fighter  at  stall,  where  it  is  going 
through  departure.  It  has  no  engine  simulators  on  it,  but  you  may  feed  in  the  character- 
istics of  the  engine  on  the  lee  side  and  the  windward  side  of  the  airplane  and  force  a 
thrust  differential  onto  that  model  and  thereby  calculate  accurately  its  departure 
characteristics,  even  though  you  have  no  engine  simulators  on  the  model.  That  is  a 
marriage  of  the  computer  and  the  wind  tunnel  that  makes  the  wind  tunnel  far  more  useful 
than  the  wind  tunnel  alone.  I really  didn't  hear  enough  of  that  in  this  meeting.  It  is 
being  done,  and  the  technology  should  be  spread  around  through  AGARD. 

My  recommendation  about  the  interrelationship  between  the  wind  tunnel  and  the 
computer  in  response  to  the  Chairman  saying  that  we  should  recommend  areas  on  which  to 
spend  our  effort  goes  like  this  : don't  let  things  just  happen  by  natural  events,  make 
them  happen.  To  make  things  happen,  you  would  like  to  look  into  the  future  and  see  what 
might  be  possible.  I would  suggest  that  a future  activity  of  AGARD  or  one  of  our  individual 
departments  might  be  to  look  at  where  you  think  the  computer  will  be  in  five  years,  where 
you  think  the  wind  tunnel  will  be  in  five  years,  what  would  be  their  optimum  interface 
and  the  optimum  interaction  between  them  five  years  from  now  to  produce  the  best  aero- 
space for  the  North  Atlantic  Treaty  Organization.  Having  some  estimate  of  where  you  think 
you  ought  to  be,  then  trying  to  force  that  to  happen.  Make  the  necessary  investments  ir. 
computer  work  or  the  necessary  investments  in  improved  wind  tunnel  technology  to  get  where 
you  think  you  want  to  be  and  not  just  drift  with  the  advancing  technology  that  might 
happen  to  you. 

Prof.  Sears  : 

Let  us  stay  on  this  subject  for  a while  and  see  if  we  can  get  comments  on  this 
from  the  audience.  Did  Bob's  remarks  inspire  any  of  the  rest  of  you  to  follow  vp  the 
subject  ? Mr.  North  ... 

Mr.  North  : 

My  comments  will  be  fairly  prosaic.  I would  think  that  wind  tunnels  in  five 
years  will  be  much  where  they  are  today,  because  of  the  time  scales  of  their  construction. 

As  far  as  computers  are  concerned,  io  know  where  we  shall  be  in  five  years  time  really 
seems  to  me  to  be  a leap  of  imagination,  and  I imagine  that  many  people  in  the  computer 
industry  would  like  to  know  that.  Though  I support  Bob  Dietz’  sentiments,  I certainly 
think  that  it  is  going  to  be  quite  difficult  to  come  anywhere  near  the  real  situation  and 
I think  probably  our  guesses  would  be  conservative. 

Mr.  Kelly  : 

I would  agree  with  Mr.  North,  that  it  is  very  hard  to  predict  where  the  computers 
will  be  five  years  from  now,  the  changes  in  the  last  five  years  have  been  so  dramatic. 

I think  that  one  of  the  alleviating  factors  here  is  that  the  computer  people  seem  to  be 
coming  up  with  lots  of  small,  special  purpose,  relatively  inexpensive  pieces  of  equipment 
which  can  be  ganged  together  to  give  you  a lot  of  flexibility.  So  you  don't  have  to  make 
one  big  investment  in  one  big  piece  of  hardware,  and  then  find  out  that  you  did  the  wrong 
thing  five  years  from  now.  I think  that  we  can  look  forward  to  having  some  adaptability 
in  our  equipment.  The  other  point  that  bears  on  this,  and  I don’t  believe  that  anyone  really 
discussed  it  at  the  meeting,  is  that  it  is  possible  to  set  up  your  wind  tunnel  experiment 
so  that  you  have,  in  principle,  an  on-line  parameter  identification  technique.  You  have  a 
theoretical  linearized  model  with  which  you  have  done  th“  best  you  can  before  you  went  into 
the  tunnel,  and  you  play  into  that  model  your  experimental  results,  update  the  linearizing 
parameters,  and  then  predict  the  next  point.  We  are  presently  trying  to  implement  this  in 
the  rotor  dynamics  work,  and  the  theory  has  been  done;  it  is  just  that  we  have  not  quite 
yet  done  it  in  the  tunnel.  I suspect  that  this  type  of  clos ing-t he-loop  between  the  theory 
and  the  experiment  will  be  a very  valuable  thing  to  do . I expect  to  see  that  done  in  the 
next  five  years.  Finally,  I am  quite  optimistic  about  the  adaptive  wind  tunnel  ideas.  I 
am  hopeful  that  we  not  only  will  come  up  with  computerized  venting  of  tunnels,  but  in  those 
situations  where  we  find  that  it  is  uneconomical  to  vent  the  tunnel,  we  at  the  very  minimum 
will  come  up  with  much  better  corrections  with  all  the  information  being  measured  on  the 
control  surface.  I think  that  there  is  going  to  be  some  progress  there.  We  ought  to  make 
that  happen. 

Prof.  Sears  s 

Thank  you  Mark.  Apropos  to  what  you  said  that  nobody  discussed,  it  was  to  some 
extent  implied  in  the  discussion  of  Mr.  Slooff,  wasn't  it  ? 
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Mr.  Slooff  : 

If  we  think  about  the  fact  that  we  still  have  a lot  of  wind  tunnels  that  are 
certainly  not  going  to  be  self-correcting  for  the  next  five  or  ten  or  twenty  years  to 
come,  there  is  still  a lot  to  do  with  respect  to  classical  wall  interference.  The  thing 
to  do  really  is  to  measure  the  boundary  conditions  at  some  distance  from  the  wall  and  do 
the  computations  of  the  wall  corrections  using  the  measured  boundary  conditions  inside  of 
the  tunnel  walls.  In  this  way  we  do  not  have  to  rely  on  the  homogeneous  boundary  condition 
that  everybody  is  using  nowadays,  but  that  nobody  trusts. 

Dr.  Vayssaire  : 

II  est  certain  que  les  conditions  aux  limites  des  parois  ventilSes  ne  sont  qu'une 
approximation  mathemat ique . Mais  lorsque  les  corrections  de  parois,  associSes  a ces  condi- 
tions linearisees,  sont  appliquees,  les  rSsultats  obtenus  sont  satisfaisants . Ces  correc- 
tions sont  utilisees  en  subsonique  eleve.  L'ONERA  les  utilise  aussi  et  cet  office  nous  a 
fourni  de  bons  rSsultats. 

Alors  qu'est-ce  que  l'on  cherche  de  mieux  7 Le  vrai  problSme  transsonique  est 
loin  d'etre  rSsolu.  C'est  la  en  verite  le  probleme  a resoudre  et  c'est  dans  ce  but  que 
l'on  doit  ameliorer  et  approfondir  la  connaissance  des  conditions  aux  limites. 

Prof.  Sears  : 

Thank  you.  Are  there  any  other  comments  on  this  subject  7 The  subject  of 
corrections  has  been  brought  up  and  that  is  in  my  second  category.  As  I told  you,  I take 
the  place  of  M.  Carriere,  who  was  Chairman,  and  the  papers  of  Wolf,  Gunn,  Chevallier, 
Vaucheret,  Vayssaire  and  me  all  had  to  do  with  this  subject. 

If  I take  the  liberty  of  making  the  opening  remarks  on  this  subject,  I would 
say  that  the  general  problem,  of  course,  is  that  we  have  to  improve  the  simulation  in  the 
next  decade  or  two.  I don't  think  that  the  users  of  wind  tunnels  are  going  to  be  content. 

They  are  not  content  now,  and  they  are  not  going  to  be  even  as  content  as  they  are  today 

with  the  accuracy  that  we  provide  them.  I hope  I am  not  hurting  the  feelings  of  "wind- 
tunnel  jockeys"  in  the  room.  I think  that  they  are  doing  a fine  job.  But  there  are  too 
many  cases  now  where  the  drag  is  measured  nicely  to  about  three  significant  figures,  four 
decimal  places,  which  is  not  enough  for  long-range  transport  airplanes.  If  I am  not 
mistaken,  that  last  decimal  place  just  mentioned,  in  some  cases  could  make  or  break  the 

corporation  and  has  perhaps  come  close  to  it  in  some  cases.  There  are  some  questions  that 

we  have  not  addressed  today,  because  they  are  probably  not  related  to  computers.  They 
are  questions  of  flow  quality,  reduction  of  stream  turbulence  and  noise,  and  all  of  that 
sort  of  thing. 

In  the  category  that  we  are  supposed  to  be  discussing,  there  are  serious 
questions  of  boundary  interference,  together  with  the  profound  questions  of  what  is  the 
Mach  number  and  what  is  the  angle  of  attack  that  are  being  simulated.  I said  this  yesterday, 
and  I shouldn't  take  this  advantage  of  you  by  repeating  it,  but  I think  that  there  are 
serious  problems  that  we  have  to  attack  as  we  go  into  the  future  of  wind  tunnels.  For  one 
thing,  the  designers  are  going  to  have  to  make  more  elaborate  calculations,  as  we  all 
know  and  have  repeated  to  one  another  in  the  last  few  days,  and  they  are  going  to  have 
more  precision  in  their  expectations.  As  a result  of  that,  they  and  the  chief  engineer 
and  the  project  engineer  are  going  to  demand  accuracy  in  the  range  of  Mach  numbers,  not 
to  mention  Reynolds  numbers,  that  we  are  today  really  not  able  to  provide.  My  own  personal 
conviction,  and  this  is  certainly  a prejudiced  conviction,  is  that  the  use  of  the  measure- 
ment of  perturbation  quantities  in  the  stream  and  the  deduction  tnerefrom  of  conclusions 
about  the  test,  the  simulation  that  is  being  attempted,  is  a very  promising  direction  to  go. 
Although  ONERA  and  some  of  the  rest  of  us  are  doing  some  work  in  that  direction,  I don't 
think  that  it  is  enough.  I think  that  the  questions  of  what  is  to  be  measured,  how  it  is 
to  be  measured,  and  how  the  wall  geometry  is  going  to  be  altered  to  provide  this  simulation 
have  so  many  possible  answers  that  a lot  of  them  ought  to  be  followed  up,  and  they  are  not, 
to  date.  The  Southampton  group,  the  ONERA  group,  and  the  Calspan  group  are  each  doing 
something  a bit  different  from  one  another,  which  is  good.  However,  I think  that  there  are 
more  possibilities  and  opportunities  for  invention  and  original  work  than  are  being 
followed  up.  I will  tell  you  what  we  need,  if  I am  correct  that  this  is  an  important  line 
of  work  : we  need  more  monetary  support. 

M.  Chevallier,  would  you  say  something  here. 


M.  Chevallier  : 

I have  few  comments;  I wish  that  many  people  work  on  the  subject  of  adaptive 
walls  for  there  are  many  ideas  yet  to  be  applied.  In  another  way,  I think  that  the  new 
concepts  derived  from  the  virtual  external  flow  may  be  useful  even  for  a conventional 
wind  tunnel  : for  example  to  determine  the  Mach  number  from  the  set  of  wall  pressure 
distributions.  It  is  not  a trivial  question,  as  mentioned. 

One  of  the  questions  for  me  is  now  to  use  adaptive  walls  in  both  the  subsonic 
and  supersonic  ranges,  as  the  flow  patterns  are  then  quite  different.  Nevertheless,  I 
hope  that  adaptive  walls  will  be  a solution  for  transonic  testing  in  the  future. 

Prof.  Sears  : 


Are  there  any  more  comments  on  this  subject  7 
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Dr.  Schmidt  : 

I have  one  question  concerning  the  adaptive  wall  technique.  As  far  as  I know, 
all  the  results  we  saw  were  done  on  two-dimensional  cases  and  also  cases  including  no 
lift  or  just  a very  small  portion  of  lift.  What  do  you  think  about  three  dimensions, 
let  us  say  modelling  wind  tunnel  walls  for  very  complex  wing-body  combinations  ? 

That  actually  means  that  the  walls  will  be  quite  complex,  shaped  also  in  a very  complex 
form.  Do  you  think  it  would  be  possible  to  do  a modelling  like  that  in  three  dimensions  ? 
Also,  do  you  think  it  will  be  possible  to  do  a modelling  for  highly  loaded  high  lift 
systems  having  the  right  wake  curvature  and  thus  Kutta  condition. 

Prof.  1 ears  : 

We  have  to  clarify  our  concepts  here.  Several  of  us  are  working  with  the  concept 
where  you  don't  ever  have  to  model  the  flow  in  the  vicinity  of  the  airplane  model.  You 
measure  the  perturbation  quantities  around  the  outside,  some  way  away  from  the  model.  You 
are  not  even  allowed  to  know  what  that  model  is  ..  that  is  your  competitor's  model!  ..  and 
you  only  know  the  perturbation  quantities.  You  eliminate  thereby  the  question  of  whether 
you  are  able  to  calculate  the  flow-field  of  an  airplane.  You  only  calculate  the  flowfield 
outside  of  a surface  on  which  you  have  measured  pe:  turbation  quantities. 

Dr.  Schmidt  : 

Even  the  flowfield  on  that,  let  us  say  a tube,  is  quite  complicated  and  complex 
and  is  changing  quite  a lot  along  the  tube  surface.  So  it  is  still  the  same  problem.  It 
is  caused  by  complex  aircraft,  so  finally  the  flowfield  will  depend  on  the  shape  of  that 
aircraft . 

I ro  f . Sears  : 

Granted,  but  I was  put  off  by  your  mentioning  the  Kutta  condition.  That  doesn't 
seem  to  have  any  relation  to  what  we  are  talking  about  here. 

Dr.  Schmidt  : 

It  will  have  some  relation  in  the  fact  that  the  disturbances  on  the  tube  depend 
on  the  lift  that  is  produced. 

Prof.  Sears  : 

If  the  Kutta  condition  is  not  satisfied,  then  the  perturbations  will  be  different, 
and  I don't  have  to  know  that. 

D r . Schmidt  : 

Actually  you  satisfy  the  Kutta  condition,  but  the  wake  curvature  is  different 
from  the  one  you  will  have  in  real  flight.  That  will  cause  differences  on  the  lift. 

Prof.  Sears  : 

Negative.  I don't  agree. 

Dr.  Schmidt  : 

On  high  lift  systems,  due  to  the  wind  tunnel  walls  you  will  have  different  wake 

curvature . 

Prof.  Sears  : 

In  the  three-dimensional  configuration  v'Vn  lift,  certainly  the  downstream 
conditions  that  are  modelled  are  affected  by  the  fact  that  there  are  trailing  vortices. 

But  they  are  there;  I don't  have  to  worry  about  them,  they  are  there.  There  can  be  a sheet 

of  them,  or  two  of  them,  or  rows  of  them,  etc.  I don't  have  to  know  that.  The  problem  is 

only  to  be  able  to  calculate , and  we  saw  this  morning  that  there  is  some  progress  in  this 
direction  We  have  to  be  able  to  calculate  a three-dimensional  transonic  flow  with  given 
boundary  conditions.  The  boundary  itself  will  be  very  simple  and  the  boundary  values  given 
on  the  boundary  will  not  be  that  simple.  Thty  will  be  functions  of  the  two  variables, 
hopefully  with  some  symmetry.  That  does  not  seem  to  me  to  be  the  difficult  part  of  the 
problem.  The  difficult  part  of  the  problem  is  to  decide,  in  the  cases  of  the  three- 
dimensional  tunnel,  at  how  many  spots  on  the  top,  bottom  and  sides  you  have  to  control  the 
wall  configuration.  I don't  know  the  answer  to  that,  but  I think  it  will  be  "infinity”, 
where  "infinity  is  ..  ? M.  Chevallier,  what  will  be  the  infinite  number  of  spots  ? 

Thirty  or  so  ? In  some  ways  the  three-dimensional  problem  will  be  simpler  than  the  two- 
dimensional  problem,  as  you  know,  because  there  will  be  three-dimensional  attenuation  of 

the  errors  that  you  make  by  your  crudity,  that  you  make  by  having  only  a finite  number 

of  screwj  acks . 

Also,  I wanted  to  object  a little  bit  to  your  saying  that  there  was  no  lift. 

We  went  up  over  the  stall  in  those  data  that  you  saw.  They  went  up  and  stalled  and  hnd 
lift  coefficients  above  one  or  something  like  that,  with  an  NACA  0012.  One  must  not  say 
that  there  is  no  lift.  However,  it  was  two-dimensional.  It  seems  to  me  that  some  of  the 
questions  that  were  asked  of  me  at  the  end  of  my  talk  yesterday  about  how  much  it  is 
going  to  cost  and  how  3oon  these  things  are  going  to  be  in  operation  and  things  like  that 
were  a little  silly,  because  it  is  clear  that  we  are  in  the  stage  where  we  don't  have 
enough  information  on  this  type  of  wind  tunnel  to  know  about  its  cost  effectiveness 
compared  to  whatever  the  alternative  is,  i.c.,  building  a great  big  wind  tunnel  or  d ing 
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everything  in  flight,  etc.  So,  I think  that  questions  that  would  depend  on  real  hard 
numbers  for  hardware  and  things  like  that  are  a few  years  too  early  now.  My  point,  and 
M.  Chevallier  agrees  with  me,  is  that  this  is  a possibility  that  has  or  seems  to  have  a 
great  deal  of  power  in  certain  non-linear  legimes  where  nothing  else  is  quite  clear,  so 
it  ought  to  be  investigated  to  the  point  where  decisions  can  be  made.  But  the  decisions 
are  not  here.  Is  that  fair  ? 

M.  Chevallier  : 

Perhaps,  I can  add  some  comments  on  the  questions  we  heard  about  the  new 
concepts.  The  adaptive  walls  idea  is  very  young  and,  like  a baby,  cannot  give  a satis- 
factory answer  to  all  questions.  But  are  some  of  them,  for  example  the  effects  of  the 
limited  length  of  the  test  section,  well-known  even  for  the  conventional  walls  ? Indeed, 
we  can  be  more  demanding  with  our  new  baby,  as  we  hope  he  may  be  better  after  all  than 
his  forefathers;  but  give  him  time  to  solve  all  your  problems. 

Prof.  Sears  : 

By  the  way,  speaking  of  instrumentation  as  I did,  I meant  to  make  a wisecrack 
that  I already  tried  out  on  Prof.  Young.  That  is,  that  this  is  a remarkable  meeting  for 
the  last  few  days,  since  nobody  said  "LDV"  for  two  whole  days.  When  I have  talked  about 
adaptive  walls  schemes  to  other  audiences,  almost  invariably  some  optimistic  fellow  says, 
"Ycur  instrumentation  problems  are  all  going  to  be  solved.  You  are  going  to  have  an  LDV 
scheme  that  has  all  the  readings  of  two  or  more  perturbation  quantities  all  around  a 
thereby  defined  surface  S".  I don't  think  anybody  is  looking  into  that;  maybe  it  is  too 
early.  The  LDVs  ...  is  there  anybody  here  who  loves  the  LDVs  and  thinks  that  they  are 
going  to  be  the  solution  instead  of  probes  and  wall  pressures  and  things  that  we  are 
using  today  1 (LDV  = Laser  Doppler  Velocimeter ) . 

Mr.  Kelly  : 

I hate  to  be  put  in  the  position  of  being  the  optimist  because  I am  usually  the 
pessimist,  but  we  have  had  very  good  experiences  with  the  two-dimensional  laser  velocimeter 
that  we  have  used  in  our  7 by  10  foot  tunnel.  We  have  used  this,  incidentally,  coupled 
directly  into  a small  computer.  This  is  one  of  our  experiences  that  convinces  me  that, 
in  the  future,  we  are  going  to  see  a lot  of  small  special  purpose  instruments  like  this 
that  actually  are  quite  sophisticated  and  read  the  information  out  directly  in  the  terms 
of  what  the  man  wants  to  see,  namely,  in  this  case,  non-dimensionalized  velocities.  You 
can  synchronize  the  data  sampling  with  rotor  speed  so  that  you  can  freeze  the  flow.  You 
can  do  lots  of  nice  things  like  that.  I was  so  enthusiastic,  as  a matter  of  fact,  that 
I decided  that  we  were  going  to  build  one  for  the  1*  0 * by  80 1 wind  tunnel.  I ran  into  a 
problem  in  that,  with  a two-dimensional  instrument  the  mounting  provisions  to  get  it  up 
where  we  wanted  it  in  order  to  scan  a large  part  of  the  flow  ended  up  being  a very 
expensive  proposition.  Mechanical  mounting  cost  as  much  as  the  instrument  itself.  We 
dropped  back  and  decided  that  we  would  build  a three-dimensional  instrument  first  for 
the  7'  by  10'  wind  tunnel,  because  then  the  mounting  is  very  much  simplified;  you  can 
mount  the  instrument  anywhere  you  want,  probably  on  the  floor  where  you  can  service  it 
and  focus  it  on  any  place  in  the  test  section  within  limits  and  have  a very  powerful  tool, 
which  I think  should  be  very  practical.  We  are  building  the  three-dimensional  instrument, 
and  I have  great  confidence  that  Dr.  Kenneth  Orloff,  who  has  been  so  successful  with  the 
two-dimensional  instrument,  will  make  the  three-dimensional  instrument  work  eventually, 
if  not  the  first  time.  The  two-dimensional  instrument,  once  it  is  hooked  up  and  operating, 
io  very  easy  to  use.  In  some  aspects  it  has  been  like  a well-developed  computer.  If  it 
works  it  works  right,  and  the  need  for  calibrations  are  practically  non-existent.  If  it 
doesn't  work,  you  have  to  call  the  expert  and  get  into  the  box.  It  seems  to  me  that  this 
really  is  a powerful  tool  for  making  these  measurements  on  the  control  surfaces,  in  that 

it  could  be  set  up  in  one  location,  and  it  could  scan  a number  of  places.  You  could  have 

an  adaptive  scan  so  that  you  could  take  a lot  of  data  points  in  regions  of  high  rates  of 
change  and  a very  few  data  points  in  regions  of  low  rates  of  change,  and  probably  program 
that.  It  can  all  be  resolved  on  the  computer,  in  terms  of  getting  the  components  that 
you  want.  Therefore,  I am  quite  encouraged  about  the  potential  of  the  LDV,  and  I think  it 
does  fit  in  very  nicely  with  the  need  for  extensive  measurements  on  the  control  surface. 

I do  envision  a lot  of  problems  with  putting,  say,  100  static  pressure  taps  in  the  floor, 
or  100  directional  pitots  on  the  floor,  and  having  people  kick  dirt  into  them  or  stumble 

over  them  and  break  them,  etc.  In  fact,  I think  that  the  laser  velocimeter  might  well  end 

up  having  less  upkeep  than  a bunch  of  probes  or  static  pressure  taps. 

Prof.  Sears  : 

Are  there  more  comments  on  this  general  topic  of  using  computers  to  improve  the 
simulation  ? 

Mr.  Slooff  : 

I will  make  a few  remarks  on  a slightly  different  subject,  but  still  very  closely 
related,  which  was  not  discussed  I think,  in  the  past  two  days  of  this  meeting.  This  is 
, the  problem  of  support  interference,  sting  support  interference  in  particular,  which  can 
be  quite  important.  If  I remember  one  of  those  pictures,  I think  in  one  of  the  Dornier 
papers,  where  they  had  a very  small  store  on  really  a tremendous  sort  of  sting,  I could 
imagine  that  when  a fellow  would  try  to  drop  his  load  on  a particular  object,  it  would 
fall  on  the  next  one  or  something,  because  of  the  interference.  I think  here  is  another 
point  where  computational  methods  might  help  in  establishing  the  magnitude  of  interference. 
One  can  compute  the  flow  about  a configuration  without  the  sting  support  and  with  the 
sting  support  represented  and  determine  the  interference  from  the  difference.  This  kind  of 
procedure  should  become  more  or  less  a standardized  treatment  in  future  wind  tunnel  testing. 
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Prof.  Sears  : 

May  I suggest  that  we  go  on  to  my  third  category  then,  i.e.,  using  computers 
to  replace  or  complement  wind  tunnels,  to  carry  out  numerical  simulations  in  parallel 
with,  or  in  lieu  of,  wind  tunnel  simulations.  We  have  three  chairmen  to  open  this 
subject  l 

Prof.  Smolderen  : 

I must  first  of  all  say  that  I enjoyed  very  much  Mr.  Slooff's  contribution, 
not  only  because  he  is  one  of  our  brilliant  former  students,  but  also  I think  he  gave 
many  interesting  remarks.  In  particular,  things  that  are  somewhat  overlooked  when 
comparing  wind  tunnels  vs  numerical  computations.  In  fact,  for  instance,  it  is  very 
easy  to  change  a configuration  in  a numerical  computation  and  very  difficult  to  do  so 
in  a wind  tunnel  test,  but  on  the  other  hand  it  is  very  easy  to  obtain  many  different 
measurement  points  in  the  wind  tunnel,  and  the  cost  of  numerical  computation  for  difficult 
cases  is  proportional  to  the  number  of,  for  instance,  incidence  points  that  you  want  to 
look  at.  These  are  things  which  I think  one  does  not  always  take  into  account  when  making 
general  discussions  about  these  things.  I also  was  very  much  interested,  perhaps 
personally  more  than  anything  else,  in  his  remark  on  inverse  problems,  which  certainly 
have  not  received,  as  he  said,  enough  attention  both  from  theoretical  and  applied  people. 
Both  inverse  problems  and  optimization  problems  which  I think  can  oe  classed  into  the 
same  category.  There  were  some  implications  in  the  results  that  indicate  that  maybe  some 
of  these  inverse  problems  are  not  well  posed.  I don’t  think  one  can  generalize  here  and 
say  that  any  inverse  problem  is  not  well  posed.  However,  there  are  some  which  are  not 
well  posed.  I think  that  the  example  he  gave  was  more  an  example  of  extreme  sensitivity 
of  the  results  to  a given  inverse  problem,  and  probably  not  really  to  the  not-well-posed 
nature  of  the  problem  mathematically.  I think  that  these  should  be  studied  in  more  detail 
by  theoretical  people  for  the  simple  examples.  I think  that  there  are  perhaps  other 
people  who  would  like  to  say  something  about  that.  The  paper  by  Mr.  Jones,  I found  also 
very  interesting,  since  it  is  perhaps  a rather  specific  application,  but  a very  nice 
application  of  calculations  which  finally  lead  to  instrumental  methods.  Both  the  idea  of 
using  computations  of  a parameter  which  is  very  sensitive  to  Mach  numbers  for  Mach  numbers 
very  close  to  one  is  a very  good  idea,  and  also  let  us  say,  that  it  is  quite  a feat 
to  be  successful  in  computing  exactly  such  a parameter  as  the  stand-off  distance  at  Mach 
numbers  so  close  to  one.  I was  still  a little  disturbed  about  a remark  he  made  on  the 
unsuccessful  application  of  time-dependent  methods.  I suppose  that  the  1 5 me- depen den t 
method  used  was  not  one  of  the  best  ones.  The  last  paper  by  the  Dornier  people  wa.i  some- 
what out  of  the  general  idea  of  the  Session.  I think  the  comments  that  Bob  Dietz  made 
earlier  are  pertinent  to  this  paper,  namely,  that  one  should  use  computation  to  prepare 
a test  in  order  to  have  efficient  testing  conditions.  I do  not  think  that  I can  really 
draw  general  conclusions  from  these  three  papers,  because  they  are  either  not  completely 
related  to  the  subject  or  are  rather  specific,  but  I must  say  that  I found  them  all 
very  interesting. 

Dr.  Wirz  : 

There  are  three  very  different  papers  to  talk  about  briefly.  The  first, 
presented  by  Mr.  Marvin  from  NASA  Ames,  was  one  of  the  most  appealing  to  me  since  the 
objective  of  the  work  is  of  fundamental  importance.  The  combination  of  numerical 
simulation  of  compressible  turbulent  flows  with  carefully  designed  and  controlled 
experiments  to  enhance  turbulence  modelling,  seems  to  be  indispensable  (and  therefore 
fundamental)  to  verify  closure  concepts  for  the  numerical  treatment  of  the  t i me- a ve r aged 
Navi er-Stokes  equations.  The  actually  used  eddy  viscosity  model  (two  layers)  is,  of 
course,  a rather  classical  one,  while  the  algebraic  relaxation  model  seems  to  improve 
s ign i f i can t ly  the  validity  of  the  theoretical  results,  although  a question  mark  may  be 
put  whether  this  model  is  sufficiently  invariant.  One  could,  for  instance,  suggest  to 
model  a relaxation  process  in  turbulent  flows  by  considering  an  additional  differential 
equat i on . 


The  second  paper,  presented  by  Mr.  Couston  from  VKI  , essentially  deals  with 
problems  associated  with  transonic  blade-to-blade  flow  computations  at  the  trailing 
edge  and  where  a time-dependent  (finite  area)  approach  to  solve  the  full  Euler  equations 
has  been  used.  A rather  simple  theoretical  model  to  treat  approximately  the  trailing 
edge  region  (base  pressure  problem)  has  been  employed  showing  good  agreement  with  exper- 
iments. It  appears  that  the  base  pressure  has  only  a weak  influence  on  the  trailing  edge 
shock  strength  and  the  exit  flow  direction. 

The  last  paper  of  this  Session,  presented  by  Dr.  Schmidt  and  Dr.  Stock  from 
Dornier,  is  a very  ambitious  attempt  to  compute  the  three-dimensional  transonic  flow 
field  around  a complete  aircraft  configuration  including  even  the  boundary  layer  effects. 
The  calculations  are  based  on  the  small  disturbance  equations  which  are,  of  course,  a 
very  limited  model  to  treat  flows  around  aircraft  configurations.  Furthermore,  it 
appears  to  be  difficult  to  formulate  proper  boundary  conditions,  if  a wind  tunnel  must 
be  simulated.  Obviously,  there  exists  a need  to  replace  the  relaxation  methods,  since 
it  seems  to  become  more  and  more  difficult  to  obtain  with  those  techniques  three- 
dimensional  transonic  flow  fields. 

As  far  as  the  viscous  part  is  concerned,  I pointed  out  already  earlier  thav.  the 
key  problem  to  solve  numerically  three-dimensional  boundary  layer  flows  seems  not  to  be 
the  numerical  method  being  used  (integral  or  finite  difference  method),  but  the  turbulence 
model.  Due  to  the  limited  flexibility  of  integral  methods,  finite  difference  methods  seem 
to  be  superior  (at  the  expense  of  more  computer  time,  however). 
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A few  Timarks  may  close  this  summary.  Of  course,  it  was  not  possible  to  cover 
all  topics  of  Computational  Fluid  Dynamics  where  remarkable  progress  has  been  accomplished 
recently.  The  paper  of  Mr.  Marvin  again  may  serve  as  a good  example  to  demonstrate  the 
potential  of  close  collaboration  between  th eoret i c al ly-n ume r i c al ly  oriented  scientists 
and  experimentalists.  There  is,  of  course,  also  a need  for  more  fundamental  research  as 
far  as  the  development  of  theoretical  models  (i.e.  turbulence  modelling)  and  numerical 
methods  is  concerned.  A certain  danger  in  simply  using  existing  methods  cannot  be  denied, 
as  examples  often  show. 

Dr.  Schmidt  : 

I would  like  to  stress  that  there  is  quite  a large  lack  of  experiments  on  three- 
dimensional  boundary  layers.  There  are  not  many  data  available  to  compare  with.  Also  we 
are  missing  good  experiments  on  the  pressures  and  the  boundary  conditions  on  wind  tunnel 
walls.  As  long  as  we  don't  know  very  much  about  the  boundary  conditions,  there  is  no  chance 
really  to  simulate,  as  Prof.  Wirz  said,  those  conditions  in  the  numerical  procedures.  What 
I would  like  to  point  out  is  that  we  are  able  to  simulate  whatever  we  know.  If  we  know 
the  conditions,  if  we  have  the  right  physical  model,  and  if  we  can  formulate  the  differ- 
ential equations,  then  it  is  no  problem  to  incorporate  those  conditions  in  the  numerical 
calculation.  Our  problem  is  that  we  don't  know  the  differential  equation.  We  even  don't 
know  the  physical  model.  There  should  be  some  more  research  and  some  more  work  on  very 
good  experiments  on  the  wind  tunnel  walls  to  know  all  the  conditions  on  slots  and  porous 
walls  , etc. 

The  second  comment  pertains  to  the  session  which  was  chaired  by  Prof.  Smolderen, 
referring  to  the  paper  given  by  Dr.  von  der  Decken.  We  should  keep  in  mind  that  there 
were  actually  two  points.  One  was  that  with  the  combination  of  computational  methods  and 
wind  tunnel  techniques,  there  is  a chance  to  take  care  of  all  the  influences  that  you 
are  not  aole  to  really  represent  in  the  wind  tunnel,  like  jets.  Therefore,  we  have  an 
option  in  our  computational  cycle  to  take  care  of  the  additional  flow  field  which  is 
generated  by  the  jet  of  an  engine.  We  can  take  the  flow  around  the  engine  pod  and  also 
the  mass  flow  through  the  engine.  This  gives  an  increment  of  flow  field  velocities  (round 
the  configuration.  That  could  be  added  in  the  forces  and  integration  of  the  path  of  the 
external  store.  On  the  other  side,  we  can  take  care  of  the  sting,  '.n  fact,  not  of  a sting 
like  that  shown  on  the  schematic  drawing,  but  on  the  real  sting  which  is  much  smaller. 

We  calculate  the  forces  acting  on  the  sting  and  then  substract  sting  forces  and  take 
account  of  the  base  drag  in  the  computation.  So  we  are  adjusting  the  sting  to  simulate 
the  real  trajectory. 

Mr,  James  : 

I have  been  asked  to  put  this  question  on  behalf  of  Mr.  Shaw,  who  had  to  leave 
early.  It  really  concerns  papers  in  the  first  three  sessions,  so  now  seems  an  appropriate 
time  to  voice  it.  I should  also  mention  that  it  is  particular  to  industrial  applications, 
rather  than  the  experimental  and  theoretical  approaches.  His  question  is  in  two  parts. 

"With  the  limited  funds  available  and  assuming  these  funds  are  not  sufficient  to  fund 
both  tunnel  and  computer  based  methods,  would  the  panel  comment  on  the  following  two 
suggestions  : 

1.  That  we  use  existing  tunnels  to  create  test  case  data  to  be  used  in  validating  and 
improving  the  next  generation  of  computer  based  fluid  dynamic  methods.  Any  funds  thus 
saved  could  be  used  in  developing  relevant  soft-ware,  such  as  systems  to  allow  existing 
or  the  next  generation  of  general  computers  parallel  processes. 

2.  The  main  function  of  these  new  fluid  dynamic  methods  would  be  used  to  aid  interpretation 
and  extrapolation  of  wind  tunnel  data  acquired  in  the  normal  development  of  a new  aircraft 
pro j ect " . 


What  he  is  suggesting  in  the  second  question,  is  that  we  use  the  normal  wind 
tunnel  that  we  have  now,  and  the  new  fluid  dynamic  methods  be  used  as  an  extrapolation 
of  the  existing  wind  tunnel  work,  rather  than  spending  money  to  improve  the  wind  tunnels. 

Prof.  Sears  : 

The  first  question  was  whether  we  would  recommend  using  existing  wind  tunnels 
for  wind  research,  or  research  on  wind  tunnel  techniques,  or  wind  tunnel  soft-ware. 

Mr.  James  : 

Yes,  really,  to  validate  and  improve  the  next  generation  of  computer  fluid 

dynamics. 

Mr.  Dietz  : 

Regarding  the  first  question  about  whether  we  could  select  some  typical  kind 
of  test  conditions  or  models  in  a wind  tunnel  and  use  those  as  standard  test  cases  for 
computer  methods,  and  therefore  improve  computer  methods  or  get  more  confidence  in  them, 
there  is  a study  that  AGARD  has  underway  on  that  subject.  Dr.  Barche  is  the  study 
chairman.  The  discussion  we  had  recently  was  that  it  is  going  to  be  very  difficult  to 
select  those  example  cases.  That  is  a career  in  itself.  As  people  have  been  mentioning, 

Mr.  Kelly  may  have  said  it  and  Bill  Sears  said  it,  that  in  a typical  wind  tunnel  test, 
as  of  current  day  at  least,  we  don't  really  know  the  angle  of  attack  precisely,  we  don't 
know  the  Mach  number  precisely,  and  we  don't  know  the  wall  interference  effects  precisely. 
We  don't  know  the  model  shape  precisely.  When  you  take  all  that  ignorance  into  account, 
it  is  kind  of  hard  to  choose  this  typical  test  case.  When  I mentioned  five  years  as  my 
target  abi ut  saying  where  wind  tunnels  would  be  and  where  computers  would  be,  it  based 


on  the  idea  that  within  rive  years  we  will  rave  aar.y  . f tnose  things  in  modern  tunnels 
overcome,  not  that  you  will  build  a new  tunnel,  but  y - may  install  a magnetic  suspension 
system  or  you  will  know  a lot  more  about  sting  effects.  You  will  be  able  to  measure  model 
angle  of  attack  and  model  shape  precisely  in  the  te.  t section.  You  will  make  the  measure- 
ments suggested  by  someone  in  the  audience  tU*  ay  that  wall  interference  is  negligible. 

It  maj  not  tell  you  how  to  correct  wall  i r.  t e r :>  r en  ce , but  y . will  know  when  it  can  be 

ignored.  Those  things  y . id  .ee  r.appeni.r.g  :r.  tbt  * i r.  : t tk«  technology  is  almost 

here  today  and  the  hardware  isn't  like  tuil  dir.g  i new  w ; r.  ; ♦. -nnel.  You  could  say  where 
wind  tunnels  will  be  five  years  f r - r.  w.  r.ey  w . . 1 • e tetter  tools  than  they  are 

today.  At  that  point  we  could  r.ake  rr  e t ••  tr.at  the  T.puter  people  could  use 

as  trial  balloons,  so  ♦o  speak.  1 r . ra  r - *.f  ' * . iy  v...  trr  w seme  mere  information  on 

that,  and  the  man  that  raised  that  ;-e  *.  r.  • . that  study. 

Dr.  Vayssaire  : 

Je  suis  d ' accord  ave*.  V.  lift:.  r.  e x e m p 1 e t r • : simple  p r o u v e qu'il  a raison. 

La  soufflerie  Sigma  L de  1 ' I r.  /.  tit  _ * : c * ' r , e j ir  . i e ! rmables,  a ete  creee 

en  1956.  Elle  a fonctionne  de  L**  rl.r.ateur  r.#  * r .vf  leur  epanouissement  a 

partir  dt  1967/1970  pour  lever,  ir  per  a*,  r.  r.  e.  rr.  .fr.r.  , Ft  ce  n'est  qu'a  partir 

de  1969/1972  que  l'on  s'est  Serif-  e r.e  r . t r e 1 . 1 #»:;.•*  te  par  is  vent  i lees  . Ce 

qui  prouve  que,  tier,  que  p^s.-eiant  -r.  - - f : «r.e  : r.  r.  e realization  t e chno  1 og  i que  , 

il  faut  envisager  son  amelicrat:  r.  t rap  t . > . re-r.ercr.es  pratiques  et  theoriques 

propres  a cette  amel  ration  , q - . car  •••:.*  **  r : 1 r « . ; ••  , e f r.  t .r.  e - ncurrer.ee  acharnee. 


Aussi,  il  est  difficile  le  fa: re 
des  montages  ou  des  essais  ie  tase. 


■ - . p .r  proposer  des  principes. 


Quo  i qu'il  en  soit,  er.  attendant 
liorer  les  souffleries  exist  ante 
en  tirer  ie  meilleur  par*,  i .ne  fc 
l'on  sait  l'utiliser. 


sc  uf f leries 
possible  c 
f r i e a . .ri ' 


-r**u,  or.  doit  to  uj  ours  cme- 
r.  vient  de  le  dire  - pour 
•*ra  excel>nte  demain,  si 


Prof.  Sears  : 

Now,  in  closing  t fc i 
chance  to  talk. 


•hat  e v e ry  t c iy  has  had 


Mr.  Marvin  : 

I would  like  to  make 
will  probably  never  give  : rr»- 
velocity  situations  where 
non  equi  1 i b r i urn  effect:*  r • . r 

will  provide  the  tes*  : r.-.l  at  1 
We  have,  in  the  past  year,  *.  * . 
and  heating  over  the  ver.  icle 
of  the  vehicle.  Essentially  t r.  ** 
extrapolation  of  win i tunnel 
techniques  worked  pretty  w*l.. 
shuttle  there  is  some  "fergi  v-r. 
off  somewhat,  you  can  at.  rt  * : 
uing  to  ajsess  the  design,  t.t 
to  properly  simulate  the  f 1 w : 
numerical  simulation  t te  re  1 ; 
data  to  full  scale  and  flight  . 


* as  e where  wind  tunnels 

n : g h altitude,  high 
temperature  air  cause 
t put  at:  nal  fluid  dynamics 
•*  space  shuttle  vehicles, 
t .--late  the  flow  field 
**t.  J:  -sei  by  the  developer 

assess  the  engineering 
1 * e 1 t h a • u r extrapolation 
ihe  type  used  on  the 
e heat  transfer  rates  are 
material.  We  are  c o n t i n - 
-ir. g because  we  were  able 

* future,  I would  expect 

* x ? r apo 1 at i on  of  wind  tunnel 


The  second  comment  I have  tr  e emp  . yaer.t  f * r.«*  simple  eddy  viscosity  models 

in  our  attempts  to  simulate  turb.le:.  * *-par'»***}  * w«»  were  driven  to  this,  as  I 

mentioned,  by  excessive  comp  - tat  i r.  ■»  . • i - e . W i • r • ■ ♦*  rerer.  • "speed-up"  in  our  codes,  we 

vill  move  on  to  more  sophisticated  - 1 1 re  a . . y -ar.  build  zme  physics  into  the 

problems.  We  are  actually  gettir.g  int  pr  grr  »r-  r.g  - - 1 1 : - e quat  i cn  models  now.  I am  optimistic 
that  there  will  be  marked  improvement,  i r.  .r  ability  t - lei  separited  f ] ^ws  . 

Mr.  Jones  : 

My  subject  is  a little  tit  off  the  main  * pic  f the  meeting,  but  1 just  would 
like  to  answer  Prof.  Dmolderen,  t^cause  he  fcr  ught  ,.p  * he  fact  of  the  t i me- depen  den  t methods 
f.nd,  n fact,  three  time-dependent  methods  have  been  used  t try  and  do  this  blunt  body 
\ransonic  computation.  The  first  one  is  tas^i  on  *'  retti's  type  of  scheme.  That  one  gave 
us  the  kinky  behaviour  in  the  shock  wave  and  the  convergence  was  also  very  slow,  even  at 
Mach  nunber  about  1.2.  The  second  method  was  the  one  mentioned  in  m>  presentation,  due  to 
Aungier,  which  was  programmed  by  Hsieh  ' AEDC ) and  that  t-ok  22  hours  at  Mach  number  1 . 05 • 

The  third  and  probably  the  best  method  these  days,  is  Piszi's  finite  volume  method.  The 
latest  results  he  sent  me  still  hadn't  converged  after  75  seconds  on  the  CDC  7600  computer. 
The  7600  is  60  times  faster  than  the  computer  that  I have  available.  That  was  at  Mach 
number  1.05*  If  you  go  lower  in  Mach  number  it  takes  much  longer. 


Dr.  Schmidt  : 

I have  one  short  comment  on  that  subject.  In  fact,  I think  he  is  completely  true 
to  say  that  with  Mach  numbers  very  close  to  one,  you  have  those  problems  he  is  mentioning. 
But  as  far  as  I know,  there  exists  one  method  which  is  slightly  better  in  that  region  than 
those  he  is  mentioning.  That  is  the  one  done  by  Hosner  in  Freiburg  (now  in  Karlsruhe).  He 
succeeded  in  getting  quite  good  results  down  to  Mach  numbers  of  1.05  using  a time-dependent 
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technique  which  is  based  on  the  Russian  method  of  Rusanov.  This  is  a completely  implicit 
method  which  seems  to  overcome  some  of  those  problems.  If  you  write  a letter  to  him, 
you  might  get  his  results  to  compare  with. 

Pnf.  van  Ingen  : 

I would  like  to  start  with  the  morning  session  and  make  some  remarks  about  that 
first.  I would  like  to  stress  again  the  fact  that  the  wind  tunnel  is  becoming  a part  of 
a large  computing  system.  It  is  just  a hybrid  computer  where  we  have  an  analog  part  doing 
the  difficult  calculations  around  complicated  shapes.  With  the  concept  of  adaptive  walls, 
in  existing  tunnels,  we  may  be  able  to  increase  the  size  of  the  models  which  we  dare  to 
test  in  them.  This  increase  in  size  may  go  on  as  long  as  we  can  improve  our  calculation 
methods . 


It  is  quite  clear  that  flow  field  computations  will  be  very  difficult.  It  is 
also  clear  that  the  computations  will  become  less  difficult  the  farther  away  we  are  from 

complicated  shapes.  That  means,  they  will  be  easier  away  from  the  model,  so  that  the 

calculations  you  have  to  do  to  get  the  configuration  of  adaptive  walls  or  whatever  you 
use  in  that  region,  are  bound  to  be  simpler  than  the  full  computations.  This  was  reflected 
in  one  of  the  earlier  remarks  about  Kutta  conditions.  That  is  going  to  be  a difficult 
part  of  the  computation.  You  single  out  this  difficult  part  and  let  the  wind  tunnel 
computer  do  it. 

Of  course,  the  wind  tunnel  computer  uses  the  right  equations  as  Mr.  Slooff  put 
it  this  morning.  You  have, however, the  wrong  boundary  conditions.  Part  of  this  is  due  to 
the  sting  support  system  which  you  can't  solve  by  adaptive  walls.  The  other  part  comes 
from  the  nearness  of  the  walls  and  this  can  be  solved  by  the  adaptive  walls,  etc.  If 
you  ask  me  what  the  situation  will  be  five  years  from  now,  I think  that  a good  advice  to 

people  planning  new  facilities,  is  that  they  should  make  sure  that  they  have  enough 

space  around  the  test  sections  to  install  these  new  gadgets.  Because,  in  that  way,  the 
tunnel  will  be  able  to  do  work  of  increasing  usefulness  in  coming  years. 

Another  point  I planned  to  make,  but  which  in  the  meantime  was  already  mentioned 
by  Bob  Dietz,  is  the  need  for  carefully  designed  experiments.  It  is  important  to  realize 
that  an  experiment  should  not  just  be  done,  it  should  be  designed.  One  of  the  very  good 
examples,  is  the  NLR  work  on  three-dimensional  turbulent  boundary  layer  flow.  That  was 
a very  carefully  designed  experiment,  having  in  mind  the  needs  of  people  developing 
computational  schemes.  The  plans  AGARD  has  to  define  more  of  these  experiments  should 
be  strongly  supported  by  industry  as  well. 

Now,  I come  to  the  afternoon  sessions.  Two  papers  we  had  this . afternoon  give 
good  examples  of  the  situation  which  arises  now,  that  the  intimate  linkage  between  measur- 
ing apparatus  and  computational  devices  is  already  well  underway.  This  is  only  going  to 
pose  a problem  to  our  budget  authorities,  because  they  always  are  more  reluctant,  at 
least  in  my  surroundings,  to  allow  you  a computer  than  they  are  to  allow  you  some 
measuring  apparatus.  Therefore,  you  should  be  aware  that  as  soon  as  you  can  call  some- 
thing an  instrumentation  system  rather  than  a computer,  you  better  do  so. 

There  is  another  point  I would  like  to  stress,  it  has  been  said  that,  from  an 
industrial  viewpoint,  it  is  very  important  to  see  vhat  you  are  doing  when  making  wind 
tunnel  tests.  You  may  select  your  measuring  points  much  more  carefully  when  you  have  on- 
line data  reduction  and  hence  can  see  where  you  are  going.  The  academic  people  should 
not  neflect  this  in  their  teaching  and  in  the  projects  they  give  to  their  advanced 
students.  We  should  not  allow  our  students  to  keep  on  working  with  old-fashioned  things, 
and  not  trying  to  bring  these  types  of  techniques  into  teaching.  One  thing  which  struck 
me  earlier  this  week,  was  that  one  of  the  speakers  first  showed  an  old-fashioned  mano- 
meter board  and  afterwards  decided  that  his  output  from  his  nice  computer  should  be 
brought  in  the  same  form  as  the  original  board.  You  get  a very  nice  quick-look  device 
if  you  just  keep  your  old  manometer  board,  but  add  to  this,  very  carefully  designed 
electronic  equipment.  It  can  be  done,  we  have  one  of  these  things  in  our  department. 

It  is  just  an  old-fashioned  manometer  board,  but  with  additional  photocells  and  elec- 
tronic equipment,  it  works  quite  nicely. 

Prof.  Sears  : 

Thank  you  very  much.  I think  that  we  ought  to  close  this  session,  although  many 
of  you  have  profound  things  to  say.  Before  we  close  we  have  one  member  of  the  audience 
who  can  speak  to  us  with  real  authority,  because  he  didn't  attend  any  of  it  and  hasn't 
heard  the  papers.  I would  like  to  call  on  Prof.  Young,  who  is  the  Chairman  of  the  Board 
of  thp  VKI  to  tell  us  what  he  thought  of  the  meeting. 

Prof.  Young  : 

Thank  you  Prof.  Sears.  As  Prof.  Sears  has  said,  I am  in  a very  unique  unbiased 
position  to  comment  on  this  meeting.  However,  one  or  two  points  did  strike  me  from  the 
little  I have  heard.  Some  10  years  ago,  I remember  a computer  enthusiast  saying  that  in 
10  years  time  we  will  be  able  to  solve  the  Navier-Stokes  equations  complete  with  turbulent 
flow  and  separation  for  any  boundary  conditions.  By  simply  pressing  the  appropriate 
button  you  will  be  able  to  solve  any  problem  you  want.  Therefore,  we  will  not  need  any 


Rosner  and  Wieland  estimated  5 hours  computer  time  at  M = 1.C5  (private  communication 
to  Mr . Jones  ) . 
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wind  tunnels,  and  all  wind  tunnel  people  had  better  start  thinking  of  other  jobs.  It 
appears  that  that  prophesy  of  10  years  ago,  judging  by  this  meeting,  is  still  a long 
way  off  from  fulfillment,  and  I personally  think  that  we  shall  never  see  it  fulfilled. 
There  is  a less  extreme  position  for  the  computer  enthusiast  to  take  and  to  some 
extent  this  was  reflected  in  something  that  Prof.  Wirz  said,  that  if  only  we  had  a lot 
more  reliable  wind  tunnel  data  then  we  can  get  rid  of  wind  tunnels.  Even  that  strikes 
me  as  a little  bit  illogical. 

The  right  answer,  which  was  evident  at  this  meeting,  is  that,  of  course,  wind 
tunnels  and  computers  are  complementary.  They  are  not  in  any  sense  rivals,  one  will 
help  the  other.  We  can  look  forward  to  their  development  in  harness  in  various  ways. 

It  has  been  said  that  the  wind  tunnel,  after  all,  is  a very  good  analog  computer,  and 
the  computer  is  a very  good  thing  for  numerical  experiments.  If  you  combine  these  two 
in  various  ways,  you  should  be  able  to  achieve  much  more  effective  results  than  in  the 
past.  I am  quite  sure  that  we  shall  go  on  wanting  better  wind  tunnels,  anu  perhap.i 
more  specialized,  smaller  and  more  effective  computers  than  in  the  past. 

And  now  putting  on  my  other  hat,  as  the  Chairman  of  the  Board  of  Directors  of 
VKI,  it  is  opportune  for  me  to  say  thank  you  very  much  to  all  of  you  who  have  participated 
in  this  gathering,  in  particular,  to  our  Chairman  here  and  his  colleagues,  for  making 
this  meeting  the  success  that  it  has  obviously  been.  As  you  will  know,  this  meeting  has 
not  only  the  object  of  bringing  together  specialists  in  this  particular  field,  but  also, 
because  of  the  timeliness  and  the  appropriate  nature  of  the  subject,  it  marks  the 
occasion  of  the  20th  Anniversary  of  the  VKI.  The  actual  ceremony  will  take  place  tomorrow. 
I am  glad  that  the  meeting  has  been  a success,  and  I hope  that  all  of  you  will  choose 
to  stay  and  join  in  the  proceedings  of  tomorrow.  This  will  help  round  off  our  celebrations 
Once  more,  I thank  all  who  have  contributed  to  this  meeting  and  helped  in  its  organisation 
especially  the  hard  working  translators  sitting  in  their  hot  eyrie  at  the  top  there, 
and  particular  thanks  to  those  who  chaired  the  various  sessions. 
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